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A B S T R A C T   

Planting a new orchard requires a complex management strategy that involves many factors including cultivar, 
rootstock, planting density, training system, tree type, climate, and economic conditions that affect orchard 
profitability. To evaluate the relative importance of each factor, data from long-term field studies is required to 
analyze their impact on lifetime profitability. Here, we conducted two long-term field studies at two locations in 
New York State (Dressel farm in South-eastern and VandeWalle farm in Western New York State). The trials were 
planted in 2006 at a planting density of 3,262 tree/ha and the trees were trained as Tall Spindles. The aim of this 
study was to compare the impact of tree type (newly bench-grafted trees and large 2-year feathered trees) and 
rootstock (B.9, M.9, G.11, G.16, G.41) on long-term profitability of three apple cultivars (‘Fuji’, ‘Gala’, and 
‘Honeycrisp’). There were important differences in profitability between cultivars, with a higher Net Present 
Value (NPV) for ‘Honeycrisp’, followed by ‘Gala’ and, finally, for ‘Fuji’. For all the cultivars, the NPV of the 
feathered trees was substantially higher compared to bench-grafted trees. Furthermore, the highest cumulative 
NPV’s for ‘Honeycrisp’ were on B.9, G.11 and G.16, whereas with ‘Fuji’ the highest NPV’s were on G.16, G.11 
and M.9 and with ‘Gala’ the highest NPV’s were on G.16, G.41 and M.9. The break-even year of a positive NPV 
for each rootstock, tree type, and cultivar, showed that the fastest investment pay offs were achieved with 
‘Honeycrisp’, followed by ‘Gala’ and ‘Fuji’. Feathered trees showed a faster break-even year of a positive NPV 
compared to bench grafted trees in all cultivars. Our results showed that the key variables that influence orchard 
profitability were, in descending order, fruit price and yield, followed by discount rate, labor cost, and finally 
tree price and land cost.   

1. Introduction 

Establishing a new orchard requires a high capital investment which 
is put at risk by changing markets and global supplies (Auvil et al., 
2011). Apples are traded in large quantities in international markets, 
implying international competition for apple producers (Gallardo and 
Garming, 2017). Planting a new orchard requires a complex manage
ment strategy that involves cultivar, rootstock, training system, tree 

density, fruit quality, yield and fruit price as the main factors to improve 
orchard profitability (DeMarree et al., 2003; Goedegebure, 1993; Lor
dan et al., 2019; Robinson et al., 2007; Sansavini and Musacchi, 2002). 
Other factors such as successful pest and disease management, and 
economic ones like land cost, tree cost, labor cost and interest rates also 
have a high impact on orchard profitability (Robinson et al., 2007). 

The decision of the best cultivar or mix of cultivars to be planted in a 
specific orchard depends on market aspects (market demand nationally 

* Corresponding author. 
E-mail address: lg579@cornell.edu (L. Gonzalez Nieto).  

Contents lists available at ScienceDirect 

Scientia Horticulturae 

journal homepage: www.elsevier.com/locate/scihorti 

https://doi.org/10.1016/j.scienta.2023.112129 
Received 24 March 2023; Received in revised form 2 May 2023; Accepted 4 May 2023   

mailto:lg579@cornell.edu
www.sciencedirect.com/science/journal/03044238
https://www.elsevier.com/locate/scihorti
https://doi.org/10.1016/j.scienta.2023.112129
https://doi.org/10.1016/j.scienta.2023.112129
https://doi.org/10.1016/j.scienta.2023.112129
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scienta.2023.112129&domain=pdf


Scientia Horticulturae 318 (2023) 112129

2

and internationally) followed by production aspects (yield, tree price, 
amount of pesticide required, pruning labor, thinning and picking costs) 
(Gallardo and Garming, 2017). The selection of cultivars and rootstocks 
and how they adapt to each location will determine if the aforemen
tioned factors will succeed in providing a profitable outcome (Lordan 
et al., 2018). 

High-density systems are mainly based on the highly productive 
dwarfing rootstock (Russo et al., 2007). This allows trees with less vigor 
to be planted at a high tree density, resulting in a faster full production 
and higher mature yields per hectare (Gallardo and Garming, 2017). 
Trees on dwarfing rootstocks are also easier to prune, thin and harvest 
(U.S. International Trade Commission, 2010), however, they often 
require a greater capital investment (like trellis system to help support 
the canopy) and labor (with more trees to manage per unit of production 
basis). Rootstocks also affect winter hardiness, fruit size, precocity, 
productivity, tree vigor, and disease resistance (Cummins and Ald
winckle, 1983; Momol et al., 1998; Russo et al., 2007; Westwood, 1988). 
The joint apple rootstock breeding and evaluation program of Cornell 
University and U.S. Department of Agriculture Agricultural Research has 
developed new rootstock cultivars, designated as Geneva® rootstocks, 
with an emphasis on productivity, yield efficiency, ease of nursery 
propagation, fire blight resistance, extreme temperature tolerance, 
resistance to the soil disease of the sub-temperate regions of the U.S., 
and tolerance to apple replanting disorder (Fazio and Robinson, 2018; 
Robinson et al., 2008a). 

The Tall Spindle system is a fusion of the Slender Spindle, the Ver
tical Axis, the Solaxe and the Super Spindle systems (Robinson et al., 
2008b). The Tall Spindle planting system maximizes profitability 
through early yield, improved fruit quality, reduced spraying, pruning, 
and training costs (Hoying et al., 2016). High density orchards that use 
the Tall Spindle system, depend on significant 2nd and 3rd year yield, 
which is made possible by the use of highly feathered nursery trees 
(Dominguez, 2015; Robinson, 2007). The preferred trees for this systems 
have a minimum stem diameter of 15 mm and 10–15 feathers (Domi
nguez, 2015; Reig et al., 2019). The Tall Spindle system is a popular 
option for replanting orchards. But the investment cost is directly related 
to the cost of each tree (Reig et al., 2019). Although not mentioned as a 
main factor for the orchard profitability within previous studies, the tree 
type should also be considered. An alternative to the use of highly 
feathered trees is to use less expensive trees, such as bench-grafts, to 
reduce the investment cost. As a general rule, bench-grafts are more 
tender and fragile than a standard 2-year-old tree from the nursery 
(Tvergyak, 2005). With bench-grafted trees, almost all of the infra
structure has to be developed in the orchard after planting and thus, 
early and maximum production is delayed (Fazio and Robinson, 2008). 
Moreover, the success of bench-grafted trees dependent highly on their 
management and the weather conditions, since the graft union on a 
bench graft is only partially callused at planting time and is physically 
weak relative to the rootstock and scion (Tvergyak, 2005). 

In recent years, ‘Honeycrisp’ was considered as one of the few cul
tivars that could change the reference cultivars in the coldest areas 
(Basedow, 2020). Many of its characteristics have attracted growers and 
consumers, with a resulting increase in the planted area and production 
worldwide (Autio et al., 2020b). ‘Gala’ is widely planted in the USA and 
its compatibility with older rootstocks is well known; however, less in
formation is available on the performance of ‘Gala’ with new Geneva® 
rootstocks (Wallis et al., 2017). ‘Fuji’ apples are also a popular variety in 
America. These cultivars are in the top five in the U.S. (1-‘Gala’, 
3-‘Honeycrisp’ and 5-‘Fuji’) (2020 USApple Association). 

We have conducted a number of long-term studies to analyze the 
profitability of various cultivars, rootstocks, planting density, training 
system and tree type (DeMarree et al., 2003; Goedegebure, 1993; Lor
dan et al., 2019; Robinson et al., 2007; Sansavini and Musacchi, 2002). 
The horticultural results of this field study have been previously re
ported as an evaluation of rootstock and tree type (Reig et al., 2019). 
This previous report concluded that, for all three cultivars, feathered 

trees were more productive and efficient than the bench-grafted trees. 
However, to fully evaluate the suitability of using bench grafted trees to 
reduce initial investment, it is necessary to evaluate long-term economic 
profitability for both tree types (feathered and bench-grafted). The 
objective of the present study was to identify and evaluate the economic 
influence of rootstock and tree type on the profitability of ‘Fuji’, ‘Gala’, 
and ‘Honeycrisp’ when planted in a high-density Tall Spindle orchard. 

2. Material and methods 

2.1. Plant material, site description and experimental design 

In the spring of 2006, two 0.3 ha orchard trials of two tree types and 
five apple rootstocks were established at two locations in New York 
State, USA (Dressel farm (41◦42′59.1′′N 74◦06′50.1′′W) and VandeWalle 
farm (43◦12′59.4′′N 76◦58′15.4′′W)). The two types of trees were: fully 
feathered nursery trees (2 years in the nursery), and bench-grafted trees 
(no time in the nursery but directly planted to the field after grafting) 
(Fig. 1). The feathered trees were propagated by Adams County Nursery, 
Aspers PA, USA, and the bench-graft trees were propagated by Wafler 
Nursery, Wolcott, NY. Virus free scion wood and rootstocks were used at 
both nurseries. ‘Gala’ and ‘Fuji’ apple cultivars were used at the Dressel 
farm site, and ‘Gala’ and ‘Honeycrisp’ were used as scion cultivars at the 
VandeWalle farm site. 

The rootstocks compared here were B.9, M.9, G.11, G.16, G.41 which 
are all fully dwarfing rootstocks and suitable for use in a high-density 
Tall Spindle orchard (Table 1). The trees were spaced 0.91m×3.35 m 
(3262 trees ha− 1) and were trained as a Tall Spindle. The location of the 
trials, soils descriptions and tree development protocols are described in 
Reig et al. (2019). 

The experimental design at both locations was a randomized block 
design with a split-split plot, with three replications. Within each block 
the main plot was cultivar, and the sub plot was tree type, and the sub- 
sub plot was rootstock. Sub plots consisted of entire rows while root
stock sub-sub plots were composed of a row section 12 m long with 
thirteen trees. The treatment design was a complete factorial of 2 cul
tivars, 2 tree types and 5 rootstocks with 20 treatment combinations of 
cultivar, tree type and rootstock. 

2.2. Tree management 

In spring 2004, feathered trees were produced by planting the 
rootstock liner (7 mm diameter) in the nursery and then chip budding a 
single scion bud in August 2004. The scion bud remained dormant until 
spring 2005 when it began to grow, and the rootstock stem above the 
scion bud was removed, as well as all the other competing rootstock 
shoots. The nursery tree was continuously irrigated and fertilized to 
achieve very rapid growth in 2005. The trees were planted in the 
experimental plot in spring 2006. Pruning and thinning management of 
feathered trees at each site are described in Reig et al. (2019). in 
February 2006, bench-grafted trees were developed by grafting a 2-bud 
scion to the rootstock and then callusing the grafted trees for 2 months at 
10 ◦C. In early April, the grafted trees were directly planted into the 
experimental plot. Pruning and thinning management of bench-grafted 
trees at each site is described in Reig et al. (2019). 

Irrigation, fertilization, foliar micronutrients and phytosanitary 
treatments are described in Reig et al. (2019). Average annual rainfall 
for the Dressel site was 1000 mm and for the VandeWalle was 990 mm 
during the spring and summer months. 

2.3. Yield, income, labor and fixed costs 

Trees were evaluated for eleven years (2006–2016) after planting. 
Yield (kg) and the number of fruits were recorded annually from the 
second year (2007), and then the average fruit size (weight) of the fruits 
was calculated. For both trials, from year 3 to 11 a sample of 50 
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representative fruits randomly hand-picked at commercial maturity 
stage for each scion-rootstock-tree type combination was classified by 
color and size as described in Reig et al. (2019). From these data, we 
calculated a simulated packout for each trial. Table 2 shows the fruit 
price for each packout category taken from statewide averages of typical 
New York State apple industry, which were used for the economic and 
sensitivity analysis. 

Labor time for pruning was recorded each year. Average values were 
used for those years when data was missing. Thus, yield, fruit packout 
(fruit size and color), and labor input data were based on the trial. 
Pruning and training costs were calculated as skilled labor at $15/h 
(Table 3). The cost of management by the owner/manager and an 
overhead charge for farm wide costs were also included as fixed costs 
(Table 3). Other costs were taken from statewide averages of New York 
State apple growers (Tables 3 and 4). 

2.4. Economic analysis 

In order to assess long-term profitability, NPV analysis was used to 
compare the present value of accumulated profit for each cultivar, 
rootstock and tree type over 20 years. We trial data for the first 11 years 
and average data from the last 4 years (2013 to 2016) to estimate values 
for 12–20 years after plantation (2017 to 2025). An economic analysis 
considers the time value of money using discounted annual cash flows 
(due to inflation effect). NPV is the sum of discounted annual cash flows 
over 20 years using a fixed discount rate. The discount rate is the interest 
rate used to determine the present value. This was determined by sub
tracting the rate of inflation from the current interest rate in order to 
arrive at a real rate of interest. A discount rate of 5% was used for our 
basic comparisons, concurring with previous orchard profitability 

Fig. 1. A was bench-grafted tree and B was fully feathered nursery tree.  

Table 1 
Apple rootstock descriptions.  

Rootstock Vigor 
Class 

Parentage Tree 
size 
class 

Origin 

B.9 Dwarf M.8 × Red 
Standard 

M.9 State Research Institute of 
Horticulture, Mitschurinsk, 
(Russia) 

G.11 Dwarf M.26 ×
Robusta 5 

M.9 Cornell University-USDA 
(USA) 

G.16 Dwarf Ottawa 3 ×
Malus 
floribunda 

M.9 Cornell University-USDA 
(USA) 

G.41 Dwarf M.27 ×
Robusta 5 

M.9 Cornell University-USDA 
(USA) 

M.9T337 Dwarf Unknown M.9 East Malling (UK)  

Table 2 
Grower returns ($/kg) for each cultivar, color category, and fruit size category after subtracting storage and packing charges. These included packing charge, MCP (1- 
methylcyclopropene) treatment, and average cost between regular and CA storage. Values were taken from statewide averages of New York State apple industry.  

Grower returns ($/kg) Fruit size (g)        
Color category Cultivar <128 128 <136 136 <153 153 <167 167 <190 190 <215 215 <238 238 <264 ≥ 264 

XX Fancy Gala (DrF) 0.09 0.18 0.88 0.88 0.88 1.05 1.10 1.16 1.16  
Fuji (DrF) 0.09 0.17 0.79 0.79 0.79 0.94 1.00 1.05 1.05  
Gala (VW) 0.09 0.18 0.88 0.88 0.88 1.05 1.10 1.16 1.16  
Honeycrisp (VW) 0.10 0.19 1.62 1.62 1.62 1.91 2.20 2.44 2.44 

X Fancy Gala (DrF) 0.09 0.18 0.83 0.83 0.83 0.99 1.05 1.10 1.10  
Fuji (DrF) 0.09 0.17 0.73 0.73 0.73 0.89 0.94 1.00 1.00  
Gala (VW) 0.09 0.18 0.83 0.83 0.83 0.99 1.05 1.10 1.10  
Honeycrisp (VW) 0.10 0.19 1.45 1.45 1.45 1.74 2.03 2.32 2.32 

Fancy Gala (DrF) 0.09 0.18 0.55 0.55 0.55 0.66 0.66 0.66 0.66  
Fuji (DrF) 0.09 0.17 0.47 0.47 0.47 0.58 0.68 0.79 0.89  
Gala (VW) 0.09 0.18 0.55 0.55 0.55 0.66 0.66 0.66 0.66  
Honeycrisp (VW) 0.10 0.19 1.16 1.16 1.16 1.45 1.57 1.68 1.68 

No. 1 Gala (DrF) 0.09 0.18 0.18 0.18 0.17 0.18 0.18 0.18 0.18  
Fuji (DrF) 0.09 0.17 0.17 0.17 0.16 0.17 0.17 0.17 0.17  
Gala (VW) 0.09 0.18 0.18 0.18 0.17 0.18 0.18 0.18 0.18  
Honeycrisp (VW) 0.10 0.19 0.19 0.19 0.17 0.19 0.19 0.19 0.19 

Utility Gala (DrF) 0.09 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18  
Fuji (DrF) 0.09 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17  
Gala (VW) 0.09 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18  
Honeycrisp (VW) 0.10 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19  
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studies conducted in New York State (Lordan et al., 2019, 2018). NPV 
was obtained every year for each scion-rootstock-tree type combination 
using the following formula: 

NPV =
∑T

t=1

Ct

(1 + r)t − C0 

Where Ct = net cash inflow during period t; C0 = total investment 
costs; r = discount rate; and t = number of time periods. 

In case the NPV of accumulated profit reaches zero, the investment is 
sound at the selected discount rate (White and DeMarree, 1992). The 
year that the NPV of accumulated profit reaches zero is the year that the 
investment has been recouped with interest. In this case, the orchard can 
be removed and replanted (Lordan et al., 2019). 

2.5. Sensitivity analysis 

A sensitivity analysis was used to compare the effect of different 
economic factors on long-term profitability. We evaluated the effect of 
tree price, fruit price, yield, discount rate, labor cost and land cost on 
orchard profitability for each cultivar, rootstock and tree type. We 
evaluated slopes of linear regression for these factors in order to simu
late different scenarios and their influence in the orchard profitability. 
The criteria to set the base values were based on New York industry 
standards, then we selected a wide range of scenarios above and below 
the base values. Therefore, we re-calculated the cumulative 20-year NPV 
value for each combination of cultivar, rootstock and tree type, changing 
the values of the aforementioned factors as described in Lordan et al. 
(2019). Reference tree price (Table 3) was increased by 15%, 25%, and 
50%. Reference fruit price (Table 2) was reduced and increased by 15% 
and 25%. Average yield from the trial was modified to 60%, 80%, 100%, 
120%, and 140%. Reference labor cost (Table 3) was increased by 5%, 
15%, 25%, and 50%. Land cost was increased from $12,500/ha refer
ence cost to $25,000/ha. Different discount rates (above the reference 
rate of 5%) of 7%, and 9% were also assessed. 

2.6. Statistical analysis 

Data was analyzed as a randomized complete block, split-split plot 
design. Analyses of cumulative 20-year NPV were performed in JMP13 
statistical analysis software (SAS institute, 2017). Means were separated 
using Fisher’s LSD tests honestly significant difference (P = 0.05) by 
one-way or factorial analysis of variance (Proc GLM), considering the 
rootstock and the type of tree as the main factors. 

In addition, the linear relationships between NPV of changes in 
analysis input parameters were determined. The P values were all sig
nificant and the R2 values were higher than 0.9 in all models. The slopes 
of the linear regressions were evaluated. Data were analyzed using 
JMP13 statistical analysis software (SAS institute, 2017). 

Table 3 
Costs used in the economic analysis. Values were estimated from statewide av
erages of New York State apple growers.  

Pre-Plant Cost 

Land Value ($/ha) $ 12,000 
Land Preparation ($/ha) $ 1800 
Labor: Planting, Training ($/ha) $ 900 
Tree Price ($/Tree)   

Geneva Rootstocks Bench-grafted tree $ 4.50   
Feathered tree $ 9.50  

B9 & M9 Rootstocks Bench-grafted tree $ 4.00   
Feathered tree $ 9.00 

Trellising 
Post Cost ($/post)  $ 20.00 
Wire Cost ($/m)  $ 0.03 
Wires per Row  5 
Post Pounding ($/ha)  $ 200 
Labor: Trellis Install ($/ha) $ 520 
Miscellaneous 
Irrigation Material ($/ha) $ 2500 
Irrigation Install Labor ($/ha) $ 1000 
Financials 
Interest rate (Discount rate) 5% 
Annual fixed cost $ 1500/ha 
Skilled labor $ 15/h 
Unskilled labor $ 12/h 
Picking 
Base Picking Cost ($/Bin)   

Gala & Fuji $ 24.00  
Honeycrisp $ 35.00 

Picking Employer Taxes% 15% 
Total Picking Cost ($/Bin)   

Gala & Fuji $ 28.00  
Honeycrisp $ 40.00 

Total Picking Cost ($/kg)   
Gala & Fuji $ 0.08  
Honeycrisp $ 0.11  

Table 4 
Annual costs ($/ha) for disease, weed, and insect management, nutrition, and thinning. Values were estimated from statewide averages of New York State apple 
growers. We used average data from 2014 to 2016 to estimate values for years 12– 20.  

Year Nº Year IPM ($/ha) Nutrition ($/ha) Thinning ($/ha) 
Disease Weed Insects ‘Gala’ ‘Fuji’ ‘Honeycrisp’ 

2005 0 0 47 0 558 0 0 0 
2006 0 0 47 0 558 0 0 0 
2007 1 252 79 106 850 0 0 0 
2008 2 346 84 105 205 0 0 0 
2009 3 591 25 345 432 39 145 39 
2010 4 638 86 558 353 213 158 105 
2011 5 717 126 661 610 338 316 157 
2012 6 600 42 808 413 338 316 157 
2013 7 581 86 625 492 338 316 157 
2014 8 729 124 463 531 338 316 157 
2015 9 729 124 632 492 338 316 157 
2016 10 729 124 632 413 338 316 157 
2017 11 729 124 632 489 338 316 157 
2018 12 729 124 632 489 338 316 157 
2019 13 729 124 632 489 338 316 157 
2020 14 729 124 632 489 338 316 157 
2021 15 729 124 632 489 338 316 157 
2022 16 729 124 632 489 338 316 157 
2023 17 729 124 632 489 338 316 157 
2024 18 729 124 632 489 338 316 157 
2025 20 729 124 632 489 338 316 157  
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3. Results 

3.1. Economic analysis 

Using actual trial data and New York industry standard prices 
(Tables 2–4) there were important differences among cultivars in 20- 
year NPV (Fig. 2 and 3). Among cultivars the 20-year orchard profit
ability was highest for ‘Honeycrisp’, followed by ‘Gala’ (from both sites) 
and, finally, the lowest for ‘Fuji’ (Fig. 2 and 3). In general, feathered 
trees were more profitable than bench-grafted trees. However, only with 
‘Honeycrisp’ the difference was significant (Table 5). 

With ‘Fuji’, G.16 showed the highest cumulative NPV with feathered 
trees and G.11 with bench-grafted trees. In fact, ‘G.16′ had the highest 
cumulative NPV value, although it did not differ significantly from G.11 

and M.9 rootstocks. In contrast, the lowest NPV value was for B.9 with a 
negative NPV value in both tree types (Fig. 2 and Table 5), 

With ‘Gala’ from Dressel farm, the highest cumulative NPVs was with 
feathered trees on G.41, G.16 and G.11 (Fig. 2). These rootstocks along 
with M.9 had lifetime NPV’s greater than $120,000/ha while trees on 
B.9 had the lowest NPV ($84,000). With bench-grafted trees, there were 
greater differences among rootstocks. G.16 had the highest profits 
(≈$140,000/ha), followed by B.9 (≈$91,000/ha) and the lowest values 
were for G.41, M.9 and G.11 (lower than $40,000/ha) (Fig. 2). 

With ‘Gala’ at VandeWalle farm there was lower variability among 
rootstocks in NPV. They showed similar cumulative NPV values within 
each tree type. For bench-grafted trees, NPV for each rootstock were 
similar (≈$220,000/ha) and for feathered trees was ≈$250,000/ha, 
except for M.9 bench-grafted trees which had a cumulative NPV of 

Fig. 2. NPV for ‘Gala’ and ‘Fuji’ apple trees on various rootstocks (G.11, G.16, G.41, B.9 and M.9), and of two tree types (bench-grafted and feathered tree) at Dressel 
farm NY. Estimated values are shown for years after black line. 
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≈$330,000/ha (Fig. 3). This disparity in results with M.9 caused a sig
nificant interaction of rootstock and tree type with Gala at VandeWalle 
farm while with the other cultivars there was no significant interaction 
of rootstock and tree type. (Table 5). 

With ‘Honeycrisp’, feathered trees showed a significantly higher 
cumulative NPV after 20 years ($514,527/ha) compared with bench- 
grafted tree ($416,825/ha) (Fig. 3 and Table 5). Among rootstocks, 
B.9, G.11 and G.16 had the highest profitability while G.41 and M.9 had 
lowest profitability (Fig. 3). 

In general, feathered trees reached the break-even year for a positive 
NPV (5–8 years for ’Gala’, 6–21 years for ’Fuji’ and 4–6 years for 
’Honeycrisp’) sooner than bench-grafted trees (Table 6). With ‘Fuji’, B.9 
trees were the slowest to reach the break-even year (21 years) in both 
tree types. The quickest rootstocks to reach the break-even year with 

‘Fuji’ were feathered trees on G.11 and G.16 (6 and 7 years respectively). 
With ‘Gala’, bench-grafted trees with G.11 took the longest time to 
recover the investment (13 years) while feathered G.41 trees took only 5 
years. However, ‘Gala’ in VandeWalle farm, showed a positive NSV 
between 6 and 7 years in all trree types and rootstocks. With ‘Honey
crisp’ bench-grafted trees took 5–6 years while feathered trees took only 
4–5 years (Table 6). 

3.2. Sensitivity analysis 

The sensitivity analysis was done to evaluate the weight of different 
factors that influence orchard profitability. It showed, in descending 
order, the highest influence were from fruit price and yield, followed by 
discount rate, labor cost, and finally, tree price and land cost (Fig. 4 and 

Fig. 3. NPV for ‘Gala’ and ‘Honeycrisp’ apple trees on various rootstocks (G.11, G.16, G.41, B.9 and M.9), and of two tree type (bench-grafted and feathered tree), at 
VandeWalle farm NY. Estimated values are shown for years after black line. 
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5). For all cultivars, fruit price and yield showed positive linear re
lationships with cumulative NPV after 20 years. When the fruit price and 
yield increased, final NPV increased, and the profitability was higher 
(Fig. 3 and 5). Additionally, discount rate, tree price, land cost and labor 
cost showed a negative relationship with cumulative NPV after 20 years. 
When these parameters increased, cumulative NPV decreased and 
profitably of each cultivar was lower (Fig. 4 and 5). 

‘Fuji’ was more sensitive to fruit price and yield than ‘Gala’ and 
‘Honeycrisp’. Indeed, ‘Fuji’ showed greater slopes of the regression lines 
between price or yield and NPV compared to ‘Gala’ and ‘Honeycrisp’ 
(Fig. 4 and 5). With ‘Fuji’ the effect of changing fruit price or yield was 

especially strong with B.9 and G.41 while with the other rootstocks there 
was a smaller effect (less sensitivity) (Fig. 4). Among the two tree types 
there were only small differences in their sensitivity to changes in fruit 
price or yield (Fig. 5). 

Discount rate had a large effect on NPV because affects every year of 
the final NPV. ‘Fuji’ was more affected by increasing discount rate 
compared to ‘Gala’ and ‘Honeycrisp’ (Fig. 4 and 5). There were no dif
ferences among rootstocks or tree types in their response to changing 
discount rate (Fig. 4 and 5). 

Among the variables we evaluated, labor cost had an intermediate 
effect on orchard profitability for all cultivars, rootstocks, and tree types 

Table 5 
Cumulative NPV for ‘Fuji’, ‘Gala’, and ‘Honeycrisp’ apple trees on various rootstocks (G.11, G.16, G.41, B.9 and M.9) and of two tree types (bench-grafted and 
feathered tree) at Dressel farm and VandeWalle farm, over 20 years. Means followed by different letters within three shape denotes significant differences (Fisher’s LSD 
tests at P<0.05).  
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(Fig. 4 and 5). Labor cost showed differences among rootstocks when 
costs were high and orchard profitability was lower. With ‘Fuji’, prof
itability of both G.41 and B.9 was drastically reduced with high discount 
rates (Fig. 4 and 5). 

Tree price and land cost had only a small effect on orchard profit
ability for all cultivars, rootstocks, and tree types (Fig. 4 and 5). Tree 
price and land cost showed low slopes as all variables were increased for 
all cultivars, rootstocks, and tree types. Tree price increases had a flatter 
slope with bench-grafted tree compared to feathered tree in ’Fuji’, with 
no significant effect on orchard NPV (Fig. 4 and 5). Finally, land cost up 
to $25,000/ha did not have an important impact on orchard NPV for all 
cultivars (Fig. 4 and 5). 

4. Discussion 

With this study there were significant differences in 20-year cumu
lative NPV among cultivars, which agrees with previous apple economic 
studies. Our results showed that ‘Honeycrisp’ had the highest cumula
tive NPV, followed by ‘Gala’ and, ‘Fuji’. Thus, the most valued cultivar in 
this study showed the highest NPV after 20 years. Lordan et al. (2019) 
concluded that orchard profitability varied considerably for each 
cultivar. Lordan et al. (2018) showed that the high fruit prices for 
‘Honeycrisp’ made it highly profitable, at more than $450,000/ ha for 
20 years. This agrees with the observations of the present study since 
’Honeycrisp’ profitability ranged between $360,000 and $557,000/ha. 

Reig et al. (2019) evaluated the agronomic performance of these 
cultivars, rootstocks and tree types. They concluded that, feathered trees 
were more productive and efficient than bench-grafted trees for all 
cultivars. Based on those data, our economic results showed that the 
cumulative NPV of feathered trees was higher than with bench-grafted 
trees. This is in agreement with the previous observations of Gąstoł 
and Poniedziałek (2003) who reported over a shorter time period, 
compared to our study, that the beneficial effect of using initially 
branched trees provides higher income in the first years after planting an 
orchard and greatly shortens the investment period. They concluded 
that the greater number and length of shoots with feathered trees was 
important for the formation of fruiting spurs in the year of planting 
(Radivojevic et al., 2022). 

In apple orchard, rootstock selection is a critical element, particu
larly in high-density systems (Autio et al., 2017a). Rootstock can affect 
productivity throughout the orchard lifetime (Kosina, 2010), and as a 
consequence, orchard profitability. Our results with rootstocks showed 
different outcomes for each cultivar. With ‘Honeycrisp’, trees on B.9, 
G.11 and G.16 had the highest NPV’s, whereas with ‘Fuji’, trees on G.11, 
G.16 and M.9 on both tree types had the highest NPV’s and with ‘Gala’ 
the highest NPV’s were with G.16, G.41 and M.9. 

The significant interaction of tree type and rootstock for ‘Gala’ at the 
VandeWalle farm, further complicated the rootstock results. At Vande
Walle farm, the highest profitability was on M.9 with bench-grafted 
trees while with feathered trees, the highest profitability was on G.41 
and G.11. These differences between location and rootstocks were 

reported in the previous agronomic study (Reig et al., 2019). In addition 
other work with ‘Gala’ showed that rootstock performance may vary 
greatly from one location to another (Marini et al., 2006). The NC140 
group in North America is currently evaluating several rootstocks in 
many locations in the U.S., in different climate conditions, soils and 
managements with ‘Fuji’ and ‘Honeycrisp’ to clarify this variability 
(Autio et al., 2017a, 2017b, 2020a; Autio et al., 2020b). 

Another objective of our study was to estimate the break-even year to 
reach a positive NPV for each rootstock, tree type and cultivar. These 
calculations showed that the minimum orchard life is different for each 
rootstock, tree type and cultivar, coinciding with previous observations 
of Lordan et al. (2019). In general, feathered trees had a lower 
break-even year to positive NPV for all cultivars compared to 
bench-grafted trees, which agrees with previous studies (Atay and 
Koyuncu, 2013; Gąstoł and Poniedziałek, 2003). In that regard, Atay and 
Koyuncu (2013) showed that well-branched nursery trees have a sig
nificant impact on early cropping of intensive apple orchards. However, 
in addition to feather numbers, results obtained by Weber (1998) and 
Robinson (2003) suggested that the speed with which an orchard ach
ieves its desired tree height is crucial to achieve short-term return of 
investment costs. 

Among cultivars, our results showed that the quickest investment 
pay off was for ‘Honeycrisp’, followed by ‘Gala’ and ‘Fuji’. A study done 
by Lordan et al. (2019) showed longer times to reach the break-even 
year with ‘Gala’ and ‘Fuji’. However, their results were with different 
tree shapes and densities. Badiu et al. (2015) observed considerably 
shorter payback periods for high density plantings, coinciding with the 
observations of this study. However, it should be noted that our results 
suggested that the recovery of the investment was related to the price of 
the fruit and the starting year of the yield. 

Our data suggested that the most important economic factors 
affecting orchard profitability were fruit price and yield, followed by the 
discount rate, labor cost, and, finally, tree price and land cost which had 
a small effect on long-term profitability. Fruit price and yield showed a 
positive linear relationship, while discount rate, tree price, land cost and 
labor cost showed a negative relationship with NPV. Previous research 
by Bravin et al. (2009) concluded that fruit price and yield were the 
decisive starting-points for success. Similar to our study, Lordan et al. 
(2018) reported that the most important variables that affected orchard 
NPV were fruit price and yield. However, they showed that the tree price 
was quite important for higher planting densities. Likewise, Hassan 
et al. (2020) concluded that yield per ha is one of the most important 
parameters to assess the performance of crops. In another study Ekinci 
et al. (2020) also showed that fruit price and yield had the greatest 
impact on orchard profitability. In our study, the cultivar ‘Fuji’ (with the 
lowest fruit price) was more sensitive to fruit price and yield than ‘Gala’ 
or ‘Honeycrisp’. Our results also suggested that sensitivity to changes in 
price and yield among rootstocks and tree types were smaller than 
among cultivars. 

The large effect of discount rate is likely due to the fact that it is 
applied to profits at each year of the 20-year life of an orchard. A lower 

Table 6 
Break-even year to positive NPV for ‘Fuji’, ‘Gala’, and ‘Honeycrisp’ apple trees of various rootstocks (G.11, G.16, G.41, B.9 and M.9), and of two tree types (bench- 
grafted and feathered tree) at Dressel farm and VandeWalle farm, over 20 years. Green color denotes the fastest investment recoup (≤6 years), yellow color denotes 
intermediate time to recoup investment (7-10 years) while red color denotes slowest investment recoup (≥10years).  
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percentage of DR....... resulted in a much higher final NPV. Our results 
suggested that when the discount rate is raised, orchard profitability was 
significantly lower. ‘Fuji’ profitability showed a higher dependance on 
discount rate compared to ‘Gala’ and ‘Honeycrisp’. Robinson et al. 
(2007) and Galinato and Gallardo (2020) have also shown a large effect 
of discount rate on profitability. 

In the present study, labor cost, land cost and tree price had a smaller 

effect on orchard profitability in all cultivars. This is counter to the 
report by Lordan et al. (2019) where they suggested that the factors that 
lead to reduced investment, such as cheap plant material, land or tree 
support, can significantly improve profitability when planting at high 
tree densities. Robinson et al. (2007) also concluded that land and tree 
price had a large influence on orchard profitability of high-density or
chards in New York state. Part of the difference in our result could be due 

Fig. 4. Linear regression analysis for each rootstock (G.11, G.16, G.41, B.9 and M.9) between NPV (%) after 20 years and tree price (0%, 15%, 25%, and 50% 
increase relative to reference tree price) (Table 3); discount rate (DR) (5%, 7% and 9%); fruit price (− 25%,− 15%, 0%, +15%, and +25% relative to reference fruit 
price) (Table 2); yield variation of 60%, 80%, 100%, 120%, and 140% of average yield obtained from the trial); land cost (100 and 200% relative to the reference 
land cost; and labor cost variation of 0% +5%, +15%, +25%, and +50% relative to reference labor cost) (Table 2). The slopes of the regressions were evaluated for 
each cultivar (‘Honeycrisp’, ‘Gala’ and ‘Fuji’) at Dressel farm NY (DR) and VandeWalle Farm NY (VW). Reference NPV was calculated using the trial average yield, 
5% DR, and the NY industry standards for the rest of inputs Tables 2, 3, and 4). 
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to the single planting density we evaluated with relatively high initial 
investment for the reference costs. 

5. Conclusion 

Over the period of this study there were important differences be
tween cultivars, with higher NPV values for ‘Honeycrisp’, followed by 
‘Gala’ and ‘Fuji’. As reported earlier in our horticultural paper by Reig 

et al. (2019), cumulative yield of the feathered trees was substantially 
higher compared to bench-grafted trees. In this economic study we 
found that the highest cumulative NPV’s for ‘Honeycrisp’ were on B.9, 
G.11 and G.16, whereas with ‘Fuji’ the highest NPV’s were on G.16, G.11 
and M.9 and with ‘Gala’ the highest NPV’s were on G.16, G.41 and M.9. 
The break-even year at a positive NPV for each rootstock, tree type, and 
cultivar showed considerable variability. However, in general, feathered 
trees reached the break-even year faster than did bench-graft trees. 

Fig. 5. Linear regression analysis for each tree type (bench-grafted and feathered) between NPV (%) after 20 years and tree price (0%, 15%, 25%, and 50% increase 
relative to reference tree price) (Table 3); discount rate (DR) (5%, 7% and 9%); fruit price (− 25%,− 15%, 0%, +15%, and +25% relative to reference fruit price) 
(Table 2); yield variation of 60%, 80%, 100%, 120%, and 140% of average yield obtained from the trial); land cost (100 and 200% relative to the reference land cost; 
and labor cost variation of 0% +5%, +15%, +25%, and +50% relative to reference labor cost) (Table 2). The slopes of the regressions were evaluated for each 
cultivar (‘Honeycrisp’, ‘Gala’ and ‘Fuji’) at Dressel farm NY (DR) and VandeWalle Farm NY (VW). Reference NPV was calculated using the trial average yield, 5% DR, 
and the NY industry standards for the rest of inputs Tables 2, 3, and 4). 
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Among cultivars, the fastest investment pay offs was achieved with 
‘Honeycrisp’, followed by ‘Gala’ and ‘Fuji’. 

Our results showed that the most important factors that influence 
orchard profitability are fruit price and yield, followed by discount rate, 
labor cost, and, finally, tree price and land cost. Fruit price and yield 
showed a positive linear relationship with NPV while discount rate, tree 
price, land cost and labor cost showed negative relationship. 

CAS 

Luis Gonzalez: Statistical analysis and Writing. 
Erica Casagrande analysis and Reviewing 
Jaume Lordan, Mario Miranda Sazo, Gabino H. Reginato, Poliana 

Francescatto and Take data and Data curation in VandeWalle farm 
Gemma Reig, Michael J. Fargione, Daniel J. Donahue: Take data and 

Data curation in Dressel farm 
Terence L. Robinson, Stephen A. Hoying and Gennaro Fazio: 

Conceptualization and Methodology all trials 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The data that has been used is confidential. 

Acknowledgments 

The authors wish to thank Rod Dressel Sr., Rod Dressel Jr. and Sarah 
Dressel, and Scott VandeWalle, Ken VandeWalle, and Marshall Vande
Walle for all the help and resources invested over the 11 years of this 
study. Joe Whalen, Leo Dominguez, and Peter Herzeelle for plant ma
terial management in the orchard. This research was funded in part by a 
grant from the New York Apple Research and Development Program. 
The contents of this publication do not necessarily reflect the views or 
policies of the U.S. Department of Agriculture, nor does mention of trade 
names, commercial products, or organizations imply endorsement by 
the U.S. Government. 

References 

Atay, E., Koyuncu, F., 2013. A new approach for augmenting branching of nursery trees 
and its comparison with other methods. Sci. Hortic. 160, 345–350. https://doi.org/ 
10.1016/j.scienta.2013.06.025. 

Autio, W., Robinson, T., Black, B., Blatt, S., Cochran, D., Cowgill, W., Hampson, C., 
Hoover, E., Lang, G., Miller, D., 2017a. Budagovsky, Geneva, Pillnitz, and Malling 
apple rootstocks affect ’Honeycrisp’ performance over the first five years of the 2010 
NC-140 ’Honeycrisp’ apple rootstock trial. J. Amer. Pomol. Soc 71, 149–166. 

Autio, W., Robinson, T., Black, B., Crassweller, R., Fallahi, E., Parker, M., Quezada, R.P., 
Wolfe, D., 2017b. Budagovsky, Geneva, Pillnitz, and Malling apple rootstocks affect 
’Fuji’ performance over the first five years of the 2010 NC-140 ’Fuji’ apple rootstock 
trial. J. Amer. Pomol. Soc 71, 167–182. 

Autio, W., Robinson, T., Black, B., Crasswellerr, R., Fallahi, E., Hoying, S., Parker, M., 
Parra-Quezada, R., Reig, G., Wolfe, D., 2020a. Budagovsky, Geneva, Pillnitz, and 
Malling Apple Rootstocks Affect ‘Fuji’ Performance Over Eight Years in the 2010 NC- 
140 ‘Fuji’ Apple Rootstock Trial. J. Amer. Pomol. Soc 74, 196–209. 

Autio, W., Robinson, T., Blatt, S., Cochran, D., Francescato, P., Kushad, E., Lang, G., 
Lordan Sanahuja, J., Parra-Quezada, R., Stasiak, M., 2020b. Budagovsky, Geneva, 
Pillnitz, and Malling Apple Rootstocks Affect ‘Honeycrisp’ Performance Over Eight 
Years in the 2010 NC-140 ‘Honeycrisp’ Apple Rootstock Trial. J. Amer. Pomol. Soc 
74, 182–195. 

Auvil, T.D., Schmidt, T.R., Hanrahan, I., Castillo, F., McFerson, J.R., Fazio, G., 2011. 
Evaluation of dwarfing rootstocks in Washington apple replant sites. Acta Hortic. 
103, 265–271. 

Badiu, D., Arion, F.H., Muresan, I.C., Lile, R., Mitre, V., 2015. Evaluation of economic 
efficiency of apple orchard investments. Sustainability 7, 10521–10533. 

Basedow, M., 2020. Prediction of Bitter Pit in ‘Honeycrisp’ Apples Before Storage. 
Northern NY Agricultural Development Program 2019 Project Report. 

Bravin, E., Kilchenmann, A., Leumann, M., 2009. Six hypotheses for profitable apple 
production based on the economic work-package within the ISAFRUIT Project. 
J. Horticult. Sci. Biotech. 84, 164–167. 

Cummins, J.N., Aldwinckle, H.S., 1983. Breeding Apple rootstocks, Plant breeding 
Reviews. Springer, pp. 294–394. 

DeMarree, A., Robinson, T., Hoying, S., 2003. Economics and the orchard system 
decision. Compact Fruit Tree 36, 42–49. 

Dominguez, L., 2015. Strategies to improve growth and yield in the early life of a Tall 
Spindle apple planting. Cornell Theses and Dissertations. https://hdl.handle.net/181 
3/40675. 

Ekinci, K., Demircan, V., Atasay, A., Karamursel, D., Sarica, D., 2020. Energy, Economic 
and Environmental Analysis of Organic and Conventional Apple Production in 
Turkey. Erwerbs-Obstbau 62, 1–12. 

Fazio, G., Robinson, T., 2008. Modification of nursery tree architecture with apple 
rootstocks: a breeding perspective. New York Fruit Quarterly 16, 13–16. 

Fazio, G., Robinson, T., 2018. GENEVA® Apple Rootstock Comparison Chart The Center 
for Technology Licensing (CTL) is Cornell University’s technology transfer office. htt 
ps://ctl.cornell.edu/plants/. 

Galinato, S.P., Gallardo, R.K., 2020. 2019 cost estimates of establishing, producing, and 
packing Honeycrisp apples in Washington. Technical Bulletin (Washington State 
University. Extension), 70E, Washington State University Extension. https://hdl.ha 
ndle.net/2376/17724. 

Gallardo, K., Garming, H., 2017. In: the economics of apple production. In: Evans, K. 
(Ed.), Achieving Sustainable Cultivation of Apples. Burleigh Doods Sciene 
Publishing, Philadelphia, PA, USA, pp. 486–510. 

Gąstoł, M., Poniedziałek, W., 2003. Induction of lateral branching in nursery trees. 
Electron. J. Polish Agricult. Univ. Horticult. 6 (2). 

Goedegebure, J., 1993. Economic aspects of super-intensive apple orchards 349, 
285–294. https://doi.org/10.17660/ActaHortic.1993.349.48. 

Hassan, B., Bhattacharjee, M., Wani, S.A., 2020. Economic analysis of high-density apple 
plantation scheme in Jammu and Kashmir. Asian J. Agricult. Rural Dev. 10, 379. 

Hoying, S., Robinson, T., Fargione, M., 2016. The Tall Spindle Planting System. Cornell 
University tree fruit resouces. 

Kosina, J., 2010. Effect of dwarfing and semi dwarfing apple rootstocks on growth and 
productivity of selected apple cultivars. Hortic. Sci. 37, 121–126. 

Lordan, J., Gomez, M., Francescatto, P., Robinson, T.L., 2019. Long-term effects of tree 
density and tree shape on apple orchard performance, a 20 year study–part 2, 
economic analysis. Sci. Hortic. 244, 435–444. 

Lordan, J., Wallis, A., Francescatto, P., Robinson, T.L., 2018. Long-term Effects of 
Training Systems and Rootstocks on ‘McIntosh’and ‘Honeycrisp’Performance, a 20- 
year Study in a Northern Cold Climate—Part 2: economic Analysis. Hortscience 53, 
978–992. 

Marini, R.P., Anderson, J., Autio, W., Barritt, B., Cline, J., Cowgill, W., Crassweller, R., 
Garner, R., Gauss, A., Godin, R., 2006. Performance of ’Gala’ Apple Trees on 18 
Dwarfing Rootstocks: a Ten-Year Summary of the 1994 NC-140 Rootstock Trial. 
J. Am. Pomol. Soc. 60, 69. 

Momol, M., Norelli, J., Piccioni, D., Momol, E., Gustafson, H., Cummins, J., 
Aldwinckle, H., 1998. Internal movement of Erwinia amylovora through 
symptomless apple scion tissues into the rootstock. Plant Dis. 82, 646–650. 

Radivojevic, D., Milivojevic, J., Oparnica, C., 2022. Productive characteristics of ’Golden 
Reinders’ apple nine-month nursery trees improved by 6-BA and nitrogen 
fertigation. Acta Hortic. 1344, 73–80. https://doi.org/10.17660/ 
ActaHortic.2022.1344.11. 

Reig, G., Lordan, J., Sazo, M.M., Hoying, S.A., Fargione, M.J., Reginato, G.H., 
Donahue, D.J., Francescatto, P., Fazio, G., Robinson, T.L., 2019. Effect of tree type 
and rootstock on the long-term performance of ‘Gala’,‘Fuji’and ‘Honeycrisp’apple 
trees trained to Tall Spindle under New York State climatic conditions. Sci. Hortic. 
246, 506–517. 

Robinson, T., 2003. Apple-orchard Planting systems. Apples; botany, Production and 
uses, DC Ferree and IJ Warrington. CABI publishing, Wallingford, Oxon, United 
Kingdom.  

Robinson, T., Hoying, S., Fazio, G., 2008a. Performance of Geneva® rootstocks in on- 
farm trials in New York state. Acta Hortic. 903, 249–255. 

Robinson, T., Hoying, S., Reginato, G., 2008b. The tall spindle planting system: principles 
and performance. Acta Hortic. 903, 571–579. 

Robinson, T.L., 2007. Recent advances and future directions on orchard planting systems 
732, 367–381. https://doi.org/10.17660/ActaHortic.2007.732.57. 

Robinson, T.L., DeMarree, A.M., Hoying, S.A., 2007. An economic comparison of five 
high density apple planting systems. Acta Hortic. 732, 481–489. https://doi.org/ 
10.17660/ActaHortic.2007.732.73. 

Russo, N.L., Robinson, T.L., Fazio, G., Aldwinckle, H.S., 2007. Field evaluation of 64 
apple rootstocks for orchard performance and fire blight resistance. Hortscience 42, 
1517–1525. 

Sansavini, S., Musacchi, S., 2002. European pear orchard design and HDP management: a 
review. Acta Hortic. 596, 589–601. https://doi.org/10.17660/ 
ActaHortic.2002.596.103. 

Tvergyak, P., 2005. How to Plant and Grow Bench-Grafts. Cameron Nursery, LLC, 
pp. 1–2. 

Wallis, A., Harshman, J.M., Butler, B., Price, D., Fazio, G., Walsh, C., 2017. Performance 
of Geneva® apple rootstock selections with ’Brookfield Gala’ and ’Cripps Pink’ in a 
tall spindle system. J. Amer. Pomolog. Soc. 71, 137–148. 

Weber, M., 1998. The super spindle system. Acta Hortic. 513, 271–278. 
Westwood, M.N., 1988. Temperate-zone Pomology. Timber press. 
White, G.B., DeMarree, A., 1992. Economics of apple orchard planting systems. Cornell 

Coop. Extens. Informat. Bull. 227. 

L. Gonzalez Nieto et al.                                                                                                                                                                                                                        

https://doi.org/10.1016/j.scienta.2013.06.025
https://doi.org/10.1016/j.scienta.2013.06.025
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0004
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0004
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0004
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0004
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0006
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0006
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0006
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0007
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0007
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0008
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0008
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0009
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0009
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0009
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0010
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0010
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0011
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0011
https://hdl.handle.net/1813/40675
https://hdl.handle.net/1813/40675
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0013
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0013
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0013
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0014
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0014
https://ctl.cornell.edu/plants/
https://ctl.cornell.edu/plants/
https://hdl.handle.net/2376/17724
https://hdl.handle.net/2376/17724
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0017
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0017
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0017
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0018
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0018
https://doi.org/10.17660/ActaHortic.1993.349.48
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0020
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0020
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0021
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0021
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0022
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0022
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0023
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0023
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0023
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0024
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0024
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0024
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0024
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0025
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0025
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0025
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0025
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0026
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0026
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0026
https://doi.org/10.17660/ActaHortic.2022.1344.11
https://doi.org/10.17660/ActaHortic.2022.1344.11
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0029
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0029
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0029
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0030
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0030
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0031
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0031
https://doi.org/10.17660/ActaHortic.2007.732.57
https://doi.org/10.17660/ActaHortic.2007.732.73
https://doi.org/10.17660/ActaHortic.2007.732.73
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0034
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0034
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0034
https://doi.org/10.17660/ActaHortic.2002.596.103
https://doi.org/10.17660/ActaHortic.2002.596.103
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0036
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0036
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0037
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0037
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0037
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0038
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0039
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0040
http://refhub.elsevier.com/S0304-4238(23)00300-X/sbref0040

	Long-term effects of rootstock and tree type on the economic profitability of ‘Gala’, ‘Fuji’ and ‘Honeycrisp’ orchards perf ...
	1 Introduction
	2 Material and methods
	2.1 Plant material, site description and experimental design
	2.2 Tree management
	2.3 Yield, income, labor and fixed costs
	2.4 Economic analysis
	2.5 Sensitivity analysis
	2.6 Statistical analysis

	3 Results
	3.1 Economic analysis
	3.2 Sensitivity analysis

	4 Discussion
	5 Conclusion
	CAS
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


