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Editorial: Agriculture Organizations Join Forces and 
Advance Goals
	 At press time, the government shutdown is in its fourth week. 
Americans of all political persuasions are rightly frustrated and 
ask the question: "Why can’t the two parties work together for 
the common good?"
	 I can’t answer that question, but it seems like an appropriate 
time to write about how USApple and other agricultural groups 
come together and form coalitions to better serve our members 
and advance our common policy priorities.
	 Labor issues, and specifically the cost of the H-2A program, 
have risen to the top. USApple is a founding member of the 
Agriculture Workforce Coalition (AWC). USApple CEO Jim Bair 
serves on the Steering Committee, which essentially functions as 
AWC's Board of Directors. The AWC is comprised of associations 
representing labor-intensive agriculture. This includes groups 
with a broad reach like the American Farm Bureau Federation 
and the National Coalition of Farmer Cooperatives, as well as 
those with a more regional footprint such as the Florida Fruit and 
Vegetable Association. As a result, our reach goes well beyond 
states that grow apples, and our Congressional champions reflect 
this diversity. 
	 This broad coalition reflects the diversity of American 
agriculture—and the diversity of its labor needs. While H-2A is 
essential for seasonal crops like apples, many producers, including 
dairy and mushroom growers, require year-round labor and are 
excluded from the program. Increasingly, apple growers face 
similar challenges in finding reliable packing house employees. 
That’s why USApple and the AWC have consistently advocated for 
both H-2A reform and stabilization of the non-H-2A workforce. 
	 Historically, the coalition has focused on long-term 
legislative solutions. We played a key role in negotiating the 
Farm Workforce Modernization Act (FWMA), which passed the 
House in both 2019 and 2022. The FWMA offered a balanced 
approach—modernizing H-2A and providing work authorization 
for long-term, vetted farm workers. Unfortunately, given today’s 
political climate and razor-thin margins in Congress, such 
comprehensive reform is no longer viable.
	 In response, USApple and the AWC have adopted a dual-
track strategy: continuing to push for long-term solutions 
while also seeking short-term relief. This includes advocating 
to pause automatic increases to the H-2A wage rate and 
opposing burdensome regulations introduced under the Biden 
Administration.

	 Our coalition has been proactive across administrations. 
During President Biden’s term, AWC leaders met twice with 
USDA Secretary Tom Vilsack to highlight flaws in the Farm Labor 
Survey, which determines the H-2A wage rate. When President 
Trump returned to office, AWC brought the same message to 
Department of Labor Secretary Lori Chavez DeRemer and senior 
officials at USDA and the White House.
	 In September, the USDA announced the discontinuation of 
the Farm Labor Survey and shortly thereafter the DOL unveiled a 
new methodology for deciding H-2A wage rates. Apple growers 
and other users of the program should see significant relief in the 
required wage rate in 2026 and beyond.
	 Legislation is still needed to codify these critical changes and 
ensure any future Administration does not reverse course but, 
meantime, the September announcement represents significant 
progress in this crucial policy area.
	 While many people associate the Farm Bill primarily with 
row crops and dairy, it also funds vital programs that directly 
benefit apples and other specialty crops. Thanks to the work of the 
Specialty Crop Farm Bill Alliance (SCFBA), important initiatives 
such as the Specialty Crop Block Grant Program, Specialty Crop 
Research Initiative, and the Fresh Fruit and Vegetable Program 
were created and continue to receive strong bipartisan support.
	 USApple helped found the SCFBA in 2004 and remains 
actively involved in its leadership today — Jim Bair serves on the 
Steering Committee, and I co-chair the Legislative Committee.
Although progress on a new Farm Bill has stalled in Congress, 
we successfully secured increased funding for key marketing, 
research, and trade programs through the One Big Beautiful Bill 
Act (OBBA), which President Trump signed into law last summer. 
We continue to advocate for additional policy improvements that 
could not be included in the OBBA due to Senate procedural 
rules.
	 In addition, the SCFBA worked to obtain funding and 
payments for the Market Assistance for Specialty Crops 
(MASC) program, which was established at the end of the Biden 
Administration and largely implemented under President Trump.
	 USApple also participates in coalitions focused on trade 
policy and crop insurance protection. When we approach 
Congressional offices alongside other groups affected by an 
issue or benefiting from a program, our message carries greater 
weight. Through this engagement, we also ensure that the apple 
industry’s perspective is represented in key policy discussions 
and decisions.

Diane Kurrle
Senior Vice President
U.S. Apple Association
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Table 1. Return bloom (%) between unsprayed (control), early (16mm) application of ethephon, ACC, and NAA, or traditional (June 21st) ethephon, ACC, 
and NAA for two growing seasons (Orchard 1), or a single growing season (orchard 2) , as well as the average of the two orchards and years (Average), on 
Tall Spindle trees in Western New York, USA (n=5-8). 

Orchard 1 Orchard 2

Treatment 2023 2024 2024 Average

Control 18.2 c 15.1 25.7 b 18.6 bc

Early Ethephon 45.4 ab 36.9 44.4 a 38.5 a

(16mm) ACC 48.4 a 30.6 48.4 a 38.2 a

NAA 30.3 abc 18.7 44.5 a 27.0 b

Traditional Ethephon 21.4 c 19.1 36.5 ab 22.8 bc

(June 21st) ACC 24.7 bc 23.3 36.1 ab 21.7 bc

NAA 17.7 c 14.3 35.5 ab 14.9 c

Significance (P) ** 0.06 * *

LSD P<0.05 17.1 16.0 13.7 10.4

Mean separation letters are shown for significant ANOVA results, with *, or ** representing P≤0.05 or P≤0.01, respectively.  
Non-significant P values are also shown.

The ‘Honeycrisp’ apple has a strong biennial bearing 
tendency, making it challenging to consistently crop 
for growers. The cultivar also has relatively low vigor in 

comparison to other common cultivars, such as ‘Fuji’ or ‘Gala’, 
resulting in a shorter period of new shoot growth, often ending 
6-8 weeks after bloom. This early cessation of shoot growth 
corresponds to the peak timing of floral bud initiation (Robinson 
et al., 2024), which is thought to be greatly regulated by hormonal 
growth regulators, such as gibberellins (Elsysy and Hirst, 2019; 
Robinson et al., 2024). Repeated applications of exogenous 
gibberellins can inhibit floral induction of ‘Honeycrisp’ on 
young trees (Einhorn et al., 2025), and production of gibberellins 
naturally occurs in developing fruits. Trees with high crop load 
inherently have more seeds producing gibberellins and generally 
have less return bloom the subsequent spring (Robinson et al., 
2010), although tree-to-tree variability in floral induction is 
often high (Serra et al., 2016). Schmidt et al., (2009) showed the 
removal of flowers can increase the amount of floral induction 
as evidenced by larger yields the following season, but concluded 
exogenous applications of gibberellic acid did not always show 
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an effect to prevent floral 
differentiation. Robinson 
et al., (2010) also found 
that summer application 
of several plant bioregulator sprays were inconsistent in their 
ability to increase return bloom. However, the identification 
of earlier floral initiation of Honeycrisp (Robinson et al., 2025) 
suggests inconsistent return bloom results could be a result of 
growers applying too late in the growing season. 
	 Several plant growth regulator (PGR) products have been 
previously explored as ways to promote flower induction in 
‘Honeycrisp’.  Ethephon has been used for decades as a thinning 
agent in apple production and has shown good ability to promote 
floral induction (Robinson et al., 2024). Another return bloom 
spray option for growers is ACC (1-aminocyclopropane-
1-carboxylic acid), registered as Accede commercially. It is 
suggested to be safer than ethephon in warmer temperatures and 
also acts as a precursor of ethylene. It can be used as a thinning 
agent for fruitlets and has shown promise of promoting return 
bloom when applied at 16 mm timing (Gonzalez Nieto and 

This research was supported by 
the New York Apple Research and 
Development Program.
A series of 4 sprays beginning at 16 
mm fruit size of either ethephon, ACC, 
and NAA all appear to induce floral 
induction and subsequent return 
bloom of Honeycrisp better than sprays 
at the traditional timing of late June.
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Table 2. Return bloom (%) comparisons between unsprayed (control), early (16mm) application of ethephon, ACC, and NAA, or traditional (June 21st) 
ethephon, ACC, and NAA between 2023-2025, as well as the 3-year average, in Geneva, New York, USA (n=5-8). 

Treatment 2023 2024 2025 Average

Control 44.9 c 67.7 57.6 54.2 c

Early Ethephon 68.3 ab 78.9 41.3 61.5 abc

(16mm) ACC 63.7 bc 87.7 58.0 69.7 ab

NAA 87.2 a - 67.4 77.3 a

Traditional Ethephon 45.5 bc 82.7 45.2 55.2 bc

(June 21st) ACC 48.9 bc 84.0 45.3 57.3 bc

NAA 49.7 bc 77.7 42.5 58.7 bc

Significance (P) * 0.10 0.15 *

LSD P<0.05 23.1 13.8 20.7 14.7

NAA was not available for comparison in 2024. Mean separation letters are shown for significant (P≤0.05) ANOVA results.  
Non-significant P values are also shown. 

Robinson, 2024). Naphthalene acetic acid (NAA) also has been 
shown to increase return bloom (Stopar, 2022; Stover et al., 2001). 
	 This paper presents data from three years and multiple 
orchards where ethephon, ACC and NAA were applied to 
either Tall Spindle or Bi-Axis trees to promote return bloom 
of ‘Honeycrisp’ in Western New York. We hypothesized the 
application of the three chemicals would promote return bloom 
when applied closer to 16mm timing than at the traditional timing 
used by growers on the first day of summer (June 21st).

Material and methods
	 Several orchard results are reported in this article. The first 
orchard, ‘Honeycrisp’/M.9T337, was established in 2012 at the 
Cornell University Agritech Campus in Geneva, New York, USA. 
Bi-axis trees with a spacing of 1m x 3.6m (3 x 12 ft) were used. 
A second orchard was located in Wayne County, NY, USA at 
DeMarree Fruit Farm and used a 10-year-old ‘Honeycrisp’ block 
during the 2023 and 2024 season. A third ‘Honeycrisp’ orchard 
at the Appleshed Farm, also in Wayne County, was also used in 
2024. All three orchards were mature, 
	 Three consecutive years of data were collected from the 
AgriTech orchard which received similar rates and application 
times of PGRs. Different trees were used each year of the study 
and untreated trees were used as control. The PGR treatments 
were divided by early timing (beginning at 16mm) or traditional 
timing (beginning first day of summer, June 21). Each year prior 
to the beginning of the treatments, all trees were chemically 
thinned a with two sprays of ammonium thiosulfate (ATS) 
during bloom, and two sprays of (NAA) with carbaryl (Sevin™) 
at petal fall and at 10 mm fruit size. These sprays normalized 
the initial flower cluster number across the 7 treatments which 
including an (1) untreated control, (2) early spray applications 
of  Ethephon beginning at 16 mm, (3) ACC (1-aminocycloZA 
propane-l-carboxylic acid) beginning at 16mm, or (4) NAA 
(1-naphthaleneacetic acid) beginning at 16 mm, and traditional 
timing spray applications of (5) Ethephon beginning on June 21st, 
(3) ACC (1-aminocycloZA propane-l-carboxylic acid) beginning 

This research was supported by 
the New York Apple Research and 
Development Program.
A series of 4 sprays beginning at 16 
mm fruit size of either ethephon, ACC, 
and NAA all appear to induce floral 
induction and subsequent return 
bloom of Honeycrisp better than sprays 
at the traditional timing of late June.

on June 21st, or (4) NAA (1-naphthaleneacetic acid) beginning on 
June 21st. Spray treatments were applied four times at 7-10 day 
intervals beginning at either 16mm fruitlet size or June 21st. The 
Tall Spindle trees in the two commercial orchards in Western 
New York were sprayed using a backpack sprayer. The Bi-axis 
trees in Geneva were sprayed using a LIPCO (LIPCO GmbH, 
Germany) over-the-row tunnel sprayer. 
	 Different trees were used each year of the study, with a 
minimum of 4 trees representing each treatment during a given 
year. The SAS statistical program (Institute Inc., Cary, NC, 
USA) was used to explore horticultural and return bloom data 
by year using a model which included treatment, replication 
and treatment x replication interaction, with replication and 
interaction of treatment x replication treated as a random 
variables. Significant differences were subjected to means 
separation using Student’s least significant difference (LSD) using 
P≤0.05.

Results and Discussion
	 Tall Spindle trees at the first commercial orchard (Orchard 
1, Table 1), with the highest return bloom in 2023 were those 
which received the early ACC, followed by early Ethephon. In 
2024, the same orchard showed a very similar trend of numerically 
higher return bloom from both early ACC and early Ethephon 
although the result was not statistically different from the later 
timing (P=0.06). In the second commercial orchard of Tall Spindle 
trees (Orchard 2, Table 1), PGR treatments applied at the early 
application timing had the highest return bloom compared to 
the unsprayed control but were not statistically higher than the 
traditional timing. When both orchards and both years were 
combined, the early spray timing of Ethephon or ACC had higher 
rates of return bloom than the unsprayed control trees and 
those sprayed with any of the tested products at the traditional 
timing. Return bloom is strongly correlated with the previous 
season crop load (Robinson et al. 2009; 2010). It is possible there 
were differences in previous season crop load, but it was not 
measured from the two orchards. Regardless, the higher return 
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bloom average from the earlier spray 
timing compared to the traditional timing 
suggests growers in similar conditions 
should consider applications of PGR’s as 
soon as 16mm to improve return bloom.
	 Resul t s  f rom the  orchard  in 
Geneva (Table 2), showed that the early 
application of NAA or Ethephon resulted 
in the highest return bloom compared to 
untreated control or applications at the 
traditional timing in 2023. In 2024, there 
were no significant differences between 
treatments, but all trees, including the 
control were generally high in return 
bloom percentages (<65%). In 2025, there were no differences 
between the products applied at either early or traditional timing. 
Combining all three years of data, the average increase of return 
bloom was highest for early ACC and early NAA, both of which 
were higher than the three products applied at traditional timing 
and untreated control (P≤0.05). However, the early Ethephon was 
not statistically higher than the products applied at traditional 
timing or the untreated control.
	 Previous season crop load from the Geneva orchard two 
of the three seasons was negatively related with return bloom 
similar to previous observations (Robinson et al., 2010), but 
in the year of treatment, the trees for each PGR treatment had 

equal crop loads statistically each year (Figure 1). There was 
little relationship between the previous-season crop load and 
return bloom in 2023, the only year of the study where statistical 
separation between the treatments occurred. During 2022, all the 
trees had fairly low crop loads, with over half of the experimental 
trees under 4 fruit per cm2 TCSA. Nonetheless, return bloom 
was not necessarily very high, with the highest values at 87% in 
the NAA treatment. In comparison, a wider range of crop loads 
were observed in 2023 with some trees showing a crop load of 
over 12 fruit per cm2 TCSA, yet return bloom was higher than 
the year before, with no tree having values lower than 40% return 
bloom. Despite the differences in crop load each growing our data 
support the hypothesis of earlier PGR sprays having a greater 
effect of promoting return bloom than the traditional timing in 
June.
	 The average of the 3 years and the three orchards showed 
that early timing Ethephon, ACC, or NAA all equally improved 
‘Honeycrisp’ return bloom compared to the unsprayed control 
(Figure 2). All three early treatments were superior to the 
traditional timing treatments, although early ethephon was 
statistically similar to the traditional timing ACC.

Conclusions
	 On average, the early application of Ethephon, ACC, or 
NAA beginning at 16mm fruitlet size followed by subsequent 
weekly sprays showed a positive effect to return bloom percentage 
compared to the traditional spray timing beginning June 21st. 
Depending on the orchard and the year of study, single-season 
results were variable and in some cases were not statistically 
significant. Nonetheless, P values < 0.1 for other years show the 
trend of increasing return bloom with the earlier treatments and 
thus, growers could benefit from timing return bloom sprays early 
instead of beginning applications at the traditional timing.
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The domestication history of apples, New York’s favorite 
fruit crop, is tied closely to the wild apple; Malus sieversii, 
local to the mountains of Central Asia, particularly the 

Tian Shan mountains of present-day Kazakhstan (Cornille et al., 
2012; Duan et al., 2017). This wild species is documented as the 
primary ancestor of the domesticated apples (Malus domestica), 
carrying numerous traits that are essential for growers today. 
Genetic studies have demonstrated that M. sieversii harbors 
a variety of traits, including disease resistance, abiotic stress 
tolerance, phenology, and fruit quality (Forsline & Aldwinckle, 
2004; Tegtmeier et al., 2023, 2025). The narrow genetic base of 
domesticated apple cultivars has increased their susceptibility to 
diseases; climate change has also made it imperative to explore 
wild apples for their diverse fruit characteristics, flowering time, 
and resistance to major diseases (Khan & Korban, 2022).
	 M. sieversii holds a remarkable amount of genetic diversity, 
accumulated over many years in environments that cover the 
lowland steppe to high-elevation mountain slopes in Kazakhstan 
and the neighboring regions. Inhabiting the diverse ecosystems, 
these wild apples have developed a living library of genes 
encompassing disease resistance, stress tolerance, tree phenology, 
and fruit quality. In contrast, cultivated M. domestica displays 
less variability in traits due to centuries of selection. Intermediate 
hybrids (M. domestica × M. sieversii) can combine the resilience 
of wild germplasm with that of the domesticated qualities (Volk 
et al., 2022; Tegtmeier et al., 2025). In perennial fruit crops, bud 
break timing and flowering are key phenological stages that signal 
the start of disease and other management practices essential 
for optimal orchard performance. Phenological timing is highly 
responsive to climate, specifically chilling and heat accumulation 
(Lin et al., 2022). Insufficient chilling delays budbreak and 
increases the temperature needed for spring growth. Models 
that include the effects of chilling and heat requirements as well 
as photoperiod sensitivity give the most accurate predictions of 
spring phenology to assess the risk of delayed budbreak and frost 
damage under changing climates (Allard et al. 2016). Genotypes 
that are early-flowering have a risk of being exposed to damaging 
spring frosts, while late-blooming genotypes may possibly have 
a shorter growing season and reduced fruit quality. Determining 
the phenological resilience, adaptation under varying spring 
conditions, is therefore a critical trait for growers (Legave et al., 
2015). Studying these natural flowering variation patterns in M. 
sieversii alongside domestica-sieversii hybrids and M. domestica 
cultivars can offer insight into identifying flowering phenology 
patterns that can be utilized to make decisions regarding site 
selection, cultivar selection, pollinations, and disease and orchard 
management.
	 The flowering phenology in apples is generally assessed 
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by recording the 
range of timing of 
phenological stages. 
These stages include 
Silver Tip, Green Tip, 
Half-Inch Green, 
Tight Cluster, First 
Pink, Late Pink, King 
Bloom, Full Bloom, and Post Bloom (Longstroth, 2021). Each of 
these nine phenological stages represent a significant growth-
phase checkpoint. Understanding the stage-specific sensitivities 
to temperature and fruit set can help decipher accurate bloom 
timing, which is key to both breeding efforts and applied orchard 
management (Keller et al., 2022).
	 Resistance genes for apple scab (Venturia inaequalis), 
fire blight (Erwinia amylovora), and other major diseases of 
apples have been mapped in M. sieversii (Harshman et al., 
2017; Tegtmeier et al., 2023). This further emphasizes the need 
to utilize the M. sieversii germplasm diversity for identifying 
genes linked not only to disease resistance but also to key traits 
such as flowering phenology, abiotic stress adaptation, and fruit 
quality. Evaluating flowering time variation (early vs. late bloom) 
in conjunction with disease resistance mapping in M. sieversii 
and its domestica-sieversii hybrids can help develop new stress 
resilient cultivars. This would extend the genetic potential beyond 
current domesticated cultivars, enabling the new cultivars to 
escape critical disease infection periods to support sustainable 
apple production as climates continue to change.

Material and methods
	 In 2023, the world’s only dedicated M. sieversii orchard was 
established at Cornell AgriTech’s Darrow Research Farm (3227 
Gates Rd, Geneva, NY; 42.8982° N, 76.9097° W). We sourced 
the bud-wood of approximately 300 diverse M. sieversii and 
domestica-sieversii hybrid accessions from the USDA-PGRU 
(U.S. Department of Agriculture - Plant Germplasm Research 
Unit) apple germplasm repository located in Geneva, NY. 
These accessions were collected by USDA and Cornell scientists 
from Kazakhstan, Kyrgyzstan, Tajikistan, Uzbekistan, and 
Turkmenistan in the 1980s and 1990s. The orchard also includes 
standard M. domestica control cultivars. Each accession was 
grafted onto M.9 NIC 29 rootstock, totaling approximately 2,000 
trees, and planted in five replicated blocks (Figure 1; Table 1). 
We used this orchard to evaluate the flowering phenology of M. 
sieversii accessions alongside hybrids and standard cultivars. We 
analyzed the differences in bloom timing under the local climatic 
conditions and compared them against standard cultivars. Our 
findings highlight the diversity of flowering phenology available 

This research was supported by the New York 
Apple Research and Development Program.
Malus sieversii,  the progenitor of 
domesticated apple, presents a broad 
flowering time range, spanning early 
April to mid-May. These results could help 
to develop both early- and late- flowering 
apples best suited to manage frost risk, 
seasonal shifts, disease risk periods, and 
providing complementary pollinizers.
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Table 1: Summary table of the accessions in the Malus sieversii orchard at Cornell AgriTech, Geneva, 
NY. Table includes taxonomic and geographic information of the accessions. The counts are 
separated based on country of origin and binned into three primary species groups: M. sieversii, 
Cultivar (Domestica) and domestica-sieversii hybrid. 

Country Accession Summary by Country and Species group

Cultivar 
(Domestica)

domestica-sieversii 
hybrid M. sieversii Total

Kazakhstan 0 113 120 233

Kyrgyzstan 0 0 12 12

United States 10 0 0 10

Uzbekistan 0 2 5 7

Tajikistan 0 0 4 4

Canada 3 0 0 3

United Kingdom 1 0 0 1

France 1 0 0 1

Japan 1 0 0 1

New Zealand 1 0 0 1

Russian Federation 0 1 0 1

Total 17 116 141 274

This research was supported by the New York 
Apple Research and Development Program.
Malus sieversii,  the progenitor of 
domesticated apple, presents a broad 
flowering time range, spanning early 
April to mid-May. These results could help 
to develop both early- and late- flowering 
apples best suited to manage frost risk, 
seasonal shifts, disease risk periods, and 
providing complementary pollinizers.

Figure 1: Field view of the Malus sieversii orchard at the Darrow Research Farm, Cornell AgriTech 
(Geneva, NY). This orchard has approximately 300 diverse M. sieversii and domestica-sieversii hybrid 
accessions representing diverse accessions across Central Asia together with standard M. domestica 
control cultivars. Each accession was grafted onto M.9 NIC 29 rootstock and planted in five replicated 
blocks.

in M. sieversii and domestica-sieversii hybrid accessions, laying 
the foundation for developing future apple cultivars capable 
of escaping critical disease infection windows and support 
sustainable apple production as climates continue to change.

Results
	 The greatest number of accessions in the Malus sieversii 
orchard originated from Kazakhstan, followed by Kyrgyzstan, 
Uzbekistan, and Tajikistan (Table 1). Of these, 141 were classified 
as M. sieversii, 116 as domestica-sieversii 
hybrids accessions, and 17 as M. domestica 
cultivars. Seventeen standard M. domestica 
cultivars planted in this orchard are Fuji 
Red Sport Type2, Snapdragon, Priscilla, 
Redspur Delicious, Honeycrisp, Ruby Frost, 
Delicious, Liberty, NovaEasyGro, Florina, 
Idared, Cox’s Orange Pippin, Golden 
Delicious, Marshall McIntosh, Gala, Rose 
Red Delicious, and Wijcik McIntosh.
	 Flower phenology data from the 
orchard was collected for the 2025 growing 
season. Observations were recorded twice 
each week from 04/04/25 to 05/12/25 
except 04/18/25. Each tree was evaluated 
using a nine phenological stage visual 
scoring system (Figure 2) proposed by 
Longstroth (2021). The phenological stages 
scored were Silver Tip (ST), Green Tip 
(GT), Half-Inch Green (HG), Tight Cluster 
(TC), First Pink (FP), Late Pink (LP), King 
Bloom (KB), Full Bloom (FB), and Post 
Bloom (PB). The bud-break stage scoring 
for each observation was determined based 
on the predominant phenological stage of 
the tree on that day and later converted to 
the corresponding day of the year (Julian 
day) for downstream analysis.
	 Weather data including the daily 
m i n i m u m ,  m e a n ,  a n d  m a x i m u m 
temperatures, were obtained from the 
Network of Environment and Weather 
Applications (NEWA) for Geneva, NY 
( https://newa.cornell.edu/all-weather-
data-query). For each observation date, 
phenological stage of each tree was 
converted to a numeric score (ST = 1 
through PB = 9) and averaged across 
all trees to get a daily mean stage value. 
Daily temperature records were aligned 
with observation dates, and the flowering 
phenological stages were grouped into 
vegetative (GT–HG) and flowering (TC–
PB) categories (Figure 3). As the season 
progressed, the daily mean flowering 
stage increased gradually from early April 
through mid-May, following the warm 
temperatures (Figure 3). The average 
temperature recorded on dates when trees 
were in vegetative phase was 8.6 ºC (blue 
dashed line) (Figure 3). As the average daily 

temperature reached 13.7 ºC (pink dashed line), the trees shifted 
to the flowering phase. (Figure 3). These two temperature values 
represent the mean thermal environments for each phase of 
flowering phenology during this season (Figure 3).
	 The boxplot (Figure 4) compares flower timing across all nine 
phenological stages between two groups: Cultivar (Domestica) 
and Wild (M. sieversii) (Figure 4). Each individual dot represents 
one tree per accession. Wild M. sieversii accessions showed 
greater spread in flowering timing compared with commercial 
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FP stage on April 21st and had progressed to the PB stage by 
the final observation date. In contrast, the five latest flowering 
accessions, reached the FP stage on May 5th (Table 2). Of the five 
late flowering accessions, three of five were M. sieversii accessions 
(MN 88-30-67, KAZ 95 06-01, KAZ 95 12-02) and the remaining 
two were domestica-sieversii hybrid accessions (KAZ 96 08-16, 
MN 88-27-43) (Table 2). At the final observation on May 12, 
these late-flowering accessions were still progressing, with stages 
ranging from FP to KB (Table 2). These results further confirm 
that while some wild M. sieversii and domestica-sieversii hybrid 
accessions flowered earlier than your typical commercial cultivars 
(Figure 4, Table 2), there is also late flowering variation within 
this wild and hybrid germplasm (Table 2). Together the Malus 
sieversii orchard collection captured both early and late blooming 
variation within the germplasm that can offer a valuable resource 
for breeding and orchard management based on one’s early- or 
late- flowering objective.

Discussion
	 M. sieversii from Central Asia is recognized as the primary 
progenitor of modern cultivated apples. These wild apples 
offer great genetic diversity for many commercially important 
traits that can be leveraged to develop new cultivars. The newly 
established Malus sieversii orchard at Cornell AgriTech in Geneva 
NY was used to document flowering phenology patterns in wild 
M. sieversii accessions and their hybrids. We observed broad 
variation in flowering phenology among both M. sieversii and 
domestica-sieversii hybrid accessions against a reference M. 
domestica cultivar: some M. sieversii accessions reached the FP 

cultivars. At GT, Wild (M. sieversii) group had a median at ~ Julian 
Day 98 while the Cultivar (Domestica) group had a median around 
~ 105, a difference of 7 days (Figure 4). As the stages progressed, 
the difference between the two groups narrowed to ~ 4 days (123 
vs. 127) at KB stage (Figure 4). Importantly, the wild (M. sieversii) 
showed greater variation in flowering phenology: some accessions 
bloomed significantly earlier than the Cultivar (Domestica) while 
others bloomed at the same rate or later than several standard 
M. domestica cultivars included in the study (Figure 4). This was 
especially evident in the PB stage where a few wild (M. sieversii) 
accessions reached PB after day ~132, placing them later than 
most of the cultivars in the Cultivar (Domestica) group (Figure 
4). This variation indicates both early and late flowering potential 
within the wild (M. sieversii) germplasm.
	 We further compared the flowering phenological stages 
of M. sieversii accession with the two commercially important 
cultivars ‘Golden Delicious’ and ‘Honeycrisp’ to relate flowering 
phenology variation of M. sieversii to industry relevant cultivars 
(Figure 5). Majority of the M. sieversii accessions had constantly 
advanced flowering when plotted against the reference M. 
domestica cultivars (Figure 5).
	 Flowering phenology variation was then used to identify 
the five earliest and latest flowering accession of M. sieversii 
and domestica-sieversii hybrids based on their FP stage and 
their last observed stage on May 12, 2025 (Table 2). Among the 
earliest flowering accessions, three of five were M. sieversii; DM 
32, KAZ 95 05-01P-22, KAZ 95 18-02P-33 and the remaining 
two were domestica-sieversii hybrids; MN 85-21-112 and KAZ 
95 05-01P-25 (Table 2). All five early accessions reached the 

Figure 2: Apple flowering phenological stages adopted from Longstroth, 
(2021): This visual guide that was used to evaluate the nine flowering 
phenological developmental stages in the Malus sieversii orchard at Cornell 
AgriTech, Geneva, NY. Each stage is labeled with its full name and the 
corresponding abbreviation.

Figure 3: Daily temperature and flowering phenological stage progression 
in the Malus sieversii orchard at Cornell AgriTech, Geneva, NY: The dual-
axis plot shows the relationship between the mean temperature (red 
line) and average flowering phenological stage (green line) of Malus 
sieversii accessions observed in 2025. The left y-axis indicates daily mean 
temperature (°C), while the right y-axis represents ordered phenological 
stages: Green Tip (GT), Half-inch Green (HG), Tight Cluster (TC), First Pink 
(FP), Late Pink (LP), King Bloom (KB), and Full Bloom (FB). The blue shaded 
ribbon denotes the daily temperature range (minimum to maximum). 
Points along the phenological curve mark the specific observation dates 
for each stage. The horizontal dashed lines indicate the mean temperature 
during vegetative and flowering stages.
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al. 2016). This underscores that wild apple germplasm can offer 
early- and late- flowering options beyond the current standard 
M. domestica cultivars to avoid disease infection windows and 
erratic spring weather, respectively.
	 M. sieversii germplasm offers novel alleles to improve disease 
resistance, abiotic stress tolerance, phenology, and fruit quality 
in apples. For example, M. sieversii alleles have been mapped for 
fire blight and apple scab in resistance studies (Tegtmeier et al., 
2023, 2025). The genetic variation in flowering phenology could 
be combined with genetic diversity for disease resistance in M. 
sieversii germplasm to develop disease resistant and abiotic 
stress tolerant cultivars. Selecting accessions that combine early 
or late flowering with disease resistance genes could result in 
cultivars that fit flower timing targets with enhanced resilience to 
abiotic stresses. In addition to their breeding potential, selected 
early- and late-flowering M. sieversii accessions may serve as 
complementary pollinizers for commercial cultivars, helping 
improve fruit set under variable spring conditions.

Conclusions
	 In conclusion, M. sieversii presents a broad flowering time 
range, spanning early April to mid-May. We have also identified 
both early- and late- flowering M. sieversii accessions and hybrids 
that can be leveraged for future apple genetics research and 
breeding. These results could help to develop both early- and late- 
flowering apples best suited to manage frost risk, seasonal shifts, 
disease risk periods, and providing complementary pollinizers. As 
our findings are based on a single growing season, future multi-
year monitoring will be essential to precisely quantify flowering 
phenology under variable temperatures. We will also use this 

stage as early as April 21st, while others reached the FP as late as 
May 5th, an approximate of 14 days difference. These differences 
reflect the natural diversity of M. sieversii, which evolved across 
steep environmental gradients in Central Asia, ranging from arid 
lowlands to high-elevation mountain zones (Volk et al., 2022). 
The clear separation between early and late flowering M. sieversii 
accessions also highlights the adaptive diversity that exists within 
the wild apple germplasm. Our data also showed that many of 
the M. sieversii accessions reached TC stage (flowering phase 
initiation) about 12 days earlier than the cultivar (Domestica) 
group.
	 Wild M. sieversii from Central Asia evolved under rapid 
spring warming, favoring early bloom to maximize the growing 
season. In contrast, the later flowering trait in some commercial 
cultivars likely reflects centuries of selection to avoid frost 
damage. When low-chill apple cultivars that were selected for 
warm regions are planted farther north, their relatively small 
chilling requirement is often met early in winter. These cultivars 
exit dormancy sooner and a smaller amount of spring warmth 
is enough to trigger budbreak in these, compared to high-chill 
cultivars. Because early budbreak can occur before the last hard or 
late spring frost in northern regions, these low-chill varieties are 
at greater risk of frost damage to flowers and young shoots. The 
phenological mismatch has practical consequences for growers. 
From a management perspective, risk-reduction options include 
choosing cultivars whose chilling requirements match local 
winters, and applying frost protection in vulnerable seasons. For 
breeding and selection, combining low-chill traits with delayed 
budbreak genetics or stronger photoperiod sensitivity may 
produce cultivars that perform reliably across latitudes (Allard et 

Figure 4: Variation across all flowering phenological stages in the Malus 
sieversii orchard at Cornell AgriTech, Geneva, NY: Variation in flowering 
phenological stage timing of Cultivar (Domestica) vs Malus sieversii 
accessions. Each panel depicts a distinct phenological stage, from 
Silver Tip to Post Bloom. The x-axis separates the accessions based on 
the Cultivar (Domestica) and wild origin (M. sieversii), while the y-axis 
indicates the day of the year (Julian Day). Boxplots display the median 
(center line), interquartile range (IQR), and overall range of the Julian Day 
those accessions reached each stage. Each individual point represents an 
accession.

Figure 5: Progression of phenological stages of Malus sieversii accessions, 
‘Honeycrisp’ and ‘Golden Delicious’ in the Malus sieversii orchard at Cornell 
AgriTech, Geneva, NY: The average of M. sieversii population (black solid 
line) is shown against two apple cultivars: ‘Honeycrisp’ (red dashed) and 
‘Golden Delicious’ (green dashed). The x-axis indicates the calendar dates 
in 2025 while the y-axis shows the nine phenological stages; Silver Tip (ST), 
Green Tip (GT), Half-inch Green (HG), Tight Cluster (TC), First Pink (FP), Late 
Pink (LP), King Bloom (KB), Full Bloom (FB), and Post Bloom (PB). Each dot 
represents the date of the recorded observation.
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M. sieversii orchard to map the genetic basis of fire blight and 
apple scab resistance in future research and examine how flower 
phenology variation corresponds with disease resistance alleles.

Acknowledgements
	 This research was funded by the New York State Department 
of Agriculture & Markets, Apple Research & Development 
Program (ARDP).

Literature cited
Allard, A., Bink, M.C., Martinez, S., Kelner, J.J., Legave, J.M., Di Guardo, M., Di 

Pierro, E.A., Laurens, F., Van De Weg, E.W. and Costes, E., 2016. Detecting 
QTLs and putative candidate genes involved in budbreak and flowering 
time in an apple multiparental population. Journal of experimental botany, 
67(9), pp.2875-2888.

Cornille, A., Gladieux, P., Smulders, M. J. M., Roldán-Ruiz, I., Laurens, F., Le 
Cam, B., Nersesyan, A., Clavel, J., Olonova, M., Feugey, L., Gabrielyan, I., 
Zhang, X. G., Tenaillon, M. I., & Giraud, T. (2012). New Insight into the 
History of Domesticated Apple: Secondary Contribution of the European 
Wild Apple to the Genome of Cultivated Varieties. PLOS Genetics, 8(5), 
e1002703. https://doi.org/10.1371/JOURNAL.PGEN.1002703

Duan, N., Bai, Y., Sun, H., Wang, N., Ma, Y., Li, M., Wang, X., Jiao, C., Legall, 
N., Mao, L., Wan, S., Wang, K., He, T., Feng, S., Zhang, Z., Mao, Z., Shen, 
X., Chen, X., Jiang, Y., … Chen, X. (2017). Genome re-sequencing reveals 
the history of apple and supports a two-stage model for fruit enlargement. 
Nature Communications, 8(1), 1–11. https://doi.org/10.1038/S41467-017-
00336-7;SUBJMETA

Forsline, P. L., & Aldwinckle, H. S. (2004). Evaluation of Malus 
sieversii seedling populations for disease resistance and 
horticultural traits. Acta Horticulturae, 663, 529–534. https://
doi.org/10.17660/ACTAHORTIC.2004.663.92

Harshman, J. M., Evans, K. M., Allen, H., Potts, R., Flamenco, J., 
Aldwinckle, H. S., Wisniewski, M. E., & Norelli, J. L. (2017). 
Fire blight resistance in wild accessions of Malus sieversii. 
Plant Disease, 101(10), 1738–1745. https://doi.org/10.1094/
PDIS-01-17-0077-RE

Keller, M., Scheele-Baldinger, R., Ferguson, J. C., Tarara, J. M., & 
Mills, L. J. (2022). Inflorescence temperature influences fruit 
set, phenology, and sink strength of Cabernet Sauvignon grape 
berries. Frontiers in Plant Science, 13, 864892. https://doi.
org/10.3389/FPLS.2022.864892/FULL

Khan, A., & Korban, S. S. (2022). Breeding and genetics of disease 
resistance in temperate fruit trees: challenges and new 
opportunities. TAG. Theoretical and Applied Genetics. 
Theoretische Und Angewandte Genetik, 135(11), 3961–3985. 
https://doi.org/10.1007/S00122-022-04093-0

Legave, J. M., Guédon, Y., Malagi, G., El Yaacoubi, A., & Bonhomme, 
M. (2015). Differentiated responses of apple tree floral 
phenology to global warming in contrasting climatic regions. 
Frontiers in Plant Science, 6(DEC), 159941. https://doi.
org/10.3389/FPLS.2015.01054/BIBTEX

Lin, S., Wang, H., Ge, Q., & Hu, Z. (2022). Effects of chilling on 
heat requirement of spring phenology vary between years. 
Agricultural and Forest Meteorology, 312, 108718. https://doi.
org/10.1016/J.AGRFORMET.2021.108718

Longstroth, M. (2021). Picture Table of Critical Spring Temperatures 
for Tree Fruit Bud Development Stages - Fruit & Nuts. https://
www.canr.msu.edu/resources/picture-table-critical-spring-
temperatures-for-tree-fruit-bud-development-stages

Tegtmeier, R., Cobb-Smith, D., Zhong, G. Y., & Khan, A. (2023). 
Identification and marker development of a moderate-effect fire 
blight resistance QTL in M. sieversii, the primary progenitor of 
domesticated apples. Tree Genetics and Genomes, 19(6), 1–13. 
https://doi.org/10.1007/S11295-023-01626-6/FIGURES/4

Tegtmeier, R., Švara, A., Gritsenko, D., & Khan, A. (2025). Malus sieversii: a 
historical, genetic, and conservational perspective of the primary progenitor 
species of domesticated apples. Horticulture Research, 12(1). https://doi.
org/10.1093/HR/UHAE244

Volk, G. M., Peace, C. P., Henk, A. D., & Howard, N. P. (2022). DNA profiling 
with the 20K apple SNP array reveals Malus domestica hybridization 
and admixture in M. sieversii, M. orientalis, and M. sylvestris genebank 
accessions. Frontiers in Plant Science, 13, 1015658. https://doi.org/10.3389/
FPLS.2022.1015658/BIBTEX

Tabinda Shahid is a 2nd-year plant breeding and genetics 
graduate student at the School of Integrative Plant Science 
at Cornell University. Her graduate research focuses on 
understanding the genetic basis of disease resistance in 
apples. Maura Gallagher is a 2nd-year plant breeding and 
genetics graduate student at the School of Integrative Plant 
Science at Cornell University. Dr. Awais Khan is an associate 
professor in the School of Integrative Plant Science at Cornell 
University. He is responsible for research and extension on 
mechanisms of disease resistance and pathogenesis in apple 
at Cornell AgriTech.

Table 2: Five earliest and latest flowering accessions based on flowering phenological 
in the Malus sieversii orchard at Cornell AgriTech, Geneva, NY. The date of the First Pink 
(FP) stage and the Last Stage Observed on May 12, 2025, are listed for five earliest and 
latest flowering accessions. For reference, ‘Gala’ reached FP on May 1 and was at the 
Full Bloom (FB) stage on May 12 in the Malus sieversii orchard at Cornell AgriTech. 

Accession Origin Species FP Date
Last Stage 

Observed on 
May 12

Earliest Flowering

DM 32 Kyrgyzstan M. sieversii Apr 21 PB

KAZ 95 05-01P-22

Kazakhstan

M. sieversii

Apr 21 PB
KAZ 95 18-02P-33

MN 85-21-112 domestica-
sieversii hybridKAZ 95 05-01P-25

Latest Flowering

MN 88-30-67

Kazakhstan

M. sieversii

May 05

LP
KAZ 95 06-01

KAZ 95 12-02
KB

KAZ 96 08-16 domestica-
sieversii hybridMN 88-27-43 FP
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Apples are the most consumed fruit in the United States, 
with a farm-gate value of $3.2-$4 billion per year spread 
across 26,000 producers in the U.S. (usapple.org). In 

order to keep up with consumer demand for traditional—and 
new cultivars—apple growers are planting 15-30 million trees 
annually to replace obsolete cultivars. Commercial apple orchards 
in the U. S. evolved from production systems featuring large trees 
in high acreage orchards (low-density planting) to small, tightly 
spaced, highly productive dwarf trees (high-density planting).  
This evolution was made possible by the implementation of 
dwarfing and early bearing rootstocks (Robinson, 2008).  The 
first generation of apple rootstocks that allowed the paradigm 
shift from inefficient apple orchards to the more productive 
high-density systems was rediscovered in England in the early 
1900’s. However, when imported into the U.S., they proved to 
be sensitive to devastating diseases and pests such as fire blight, 
wooly apple aphids, and soilborne root complexes like replant 
disease.  In the early 2000’s, these first-generation rootstocks 
(Malling 9, Malling 26, Malling 7) represented 90% of the nursery 
stock produced by U.S. nurseries.  The apple rootstock breeding 
program operating on the Geneva campus of Cornell University 
in Geneva, NY, was initiated in 1968 to respond to abiotic and 
biotic stresses that were endemic in North America (Cummins 
et al., 1972; Cummins & Aldwinckle, 1974) by increasing the 
genetic base of apple rootstocks through wide crosses with wild 
germplasm (Aldwinckle et al., 1972; Gardner et al., 1980a). This 
program produced the Geneva® series of apple rootstocks by 
crossing germplasm that complemented the weaknesses of the 
Malling germplasm (susceptibility to fire blight, woolly apple 
aphids, crown and root rots) with dwarfing, precocious rootstock 
germplasm (Gardner et al., 1980b). As of a 2025 nursery census, 
Geneva® rootstocks represent 73% of market share being sold 
in the U.S. with >120 million trees planted.  The utilization of 
complex, interspecific crosses to produce new rootstocks enabled 
the optimization of many aspects of apple production, including 
tree size (dwarfing), crop load, fruit set, fruit quality, tree 
anchorage, graft union strength, disease resistance, induction of 
flat branching (or open tree architecture), fine root architecture, 
diversified nutrient uptake, tolerance to replant disease, and 
induction of bud-break in low chill environments (Fazio et al., 
2020; Blanco et al., 2021; Rufato et al., 2021; Valverdi & Kalcsits, 
2021; Al Farquani et al., 2024, 2025). 
	 Unfortunately, some of these crosses brought undesirable 
traits associated with viral hypersensitivity into commercial 
germplasm, leading to production problems. This was initially 
identified by Dr. Jim Cummins and later by growers and NC-
140 testing with G.16 between 2003 (NC-140) and 2016 (WSU 
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NC-140 trial), where 
G.16 was revealed to 
be hypersensitive to 
many latent viruses, 
leading to death. 
G.814, released in 
2014, was quickly 
found by nurseries 
and NC-140 trials to 
be sensitive to latent viruses—mainly ASGV—though it gives 
early warning signs by reduced vigor when grafted with virus-
laden scions. G.935 was identified to be hypersensitive to a unique 
cocktail of viruses present in a new ‘Honeycrisp’ sport, ‘Royal 
Red HC’, in 2020 in Washington, where tens of thousands of trees 
exhibited root grooving, root necrosis, and graft union necrosis. 
G.969, the latest example, was found to be hypersensitive to latent 
viruses in ‘Granny Smith’ in South Africa ca. 2021-2022 (SAPO 
Trust, saplant.co.za), followed by reports from CIV in Italy in 
2022 with ‘Royal Gala’, and similar anecdotes from Brazil in 2022. 
The hypersensitivity of G.969 was confirmed in a Canandaigua, 
NY orchard where ‘NY1’ (SnapDragon®)—taken from a diseased 
nursery stock plant—caused stem grooving, severe stunting, and 
tree death.  However, G.935 is the largest example to date, given 
its widespread planting and thousands of trees affected. It is 
important to re-iterate that other staple rootstocks such as G.41, 
G.890, G.214, G.484, G.66, and others do not appear to have any 
hypersensitivity issues with virus-laden budwood.

Previous Responses Only Solved Half the Problem
	 In response to viral hypersensitivity events, particularly 
in G.935 (Wright et al., 2020), cryo- and thermotherapy were 
adopted at the Cornell AgriTech/USDA-ARS Geneva® rootstock 
program. While this dealt with the cleanliness of rootstocks 
provided to propagators, it has been a slower process to eliminate 
the use of infected budwood being used to propagate new trees 
although great progress has been made in the last 10 years.  As 
more trees were planted with virus-positive budwood, several 
Geneva® rootstocks began to show hypersensitivity. Preliminary 
testing in Geneva, NY and Canandaigua, NY showed that other 
rootstocks such as G.969, G.213, and several elites were prone to 
hypersensitivity in the presence of viruses. To identify susceptible 
rootstocks, an aeroponics system was built and both released 
and elite material were intentionally infected, then screened for 
physiological signs of virus-induced stress. In the case of G.213, 
‘Honeycrisp’ infected with a viral complex caused significant 
root necrosis. Additionally, the orchard in Canandaigua, NY 
showed G.969 grafted with virus-infected SnapDragon® (‘NY1’) 

Previously, virus sensitivity in G.935, G.814, 
G.969, and G.16 was reported and virus 
elimination discussed. In implementing 
cryo- and thermotherapy, rootstocks have 
been cleaned. Clean rootstocks allowed 
the testing of released and elite material 
for tolerance and sensitivity. With next 
generation techniques, we report on 
our work to understand the genetic 
mechanism(s) behind hypersensitivity.
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displayed stunting and occasional tree death. These results, along 
with information from growers and nurseries, necessitated a new 
approach of more strict testing of budwood for common latent 
viruses and newly identified viruses. With virus free budwood, 
millions of trees on G.935 and G.969 have been successfully 
deployed.  However, in the Geneva rootstock development 
program we have systematically been screening both released 
and “elite” rootstocks (release candidates) for viral resistance.

Gene Expression Studies—What Rootstocks Display 
Hypersensitive Responses?
	 Viruses that infect apple trees cause significant losses 
to growers by impacting apple production, causing stunting, 
graft union incompatibility, and irregular growth—leading to 
replacement cost burdens (Sampson et al., 1974; Campbell, 
1981). With advances in RNA sequencing and high throughput 
sequencing for DNA, many viruses are being found in conjunction 
with diseased apple phenotypes. Unfortunately, tying a specific 
virus to symptoms is difficult, as they often co-occur (Wright 
et. al. 2020; Xiao et al., 2022). Viral agents like the latent viruses 
Apple chlorotic leaf spot virus (ACLSV), Apple stem grooving 
virus (ASGV), and Apple stem pitting virus (ASPV) have known 
symptoms (Barba et al., 2015), and ASGV appears to be a major 
cause of decline in at least G.969. This is likely due to the fact that 
‘Ottawa 3’—a parent of G.969—is known to be hypersensitive to 
ASGV (James, 1997). The recently discovered Citrus concave gum 
associated virus (CCGaV) (Wright et al., 2018) has been suspected 
of causing generalized and specific necrosis, trunk splitting, and 
other symptoms (Wright et al., 2018; Wright et al., 2020; Xiao et 
al., 2022), and it is our prime suspect for decline in G.935. 

	 To screen rootstocks for sensitivity, we have expanded our 
existing aeroponics system and tested G.969, G.890, G.213, and 
G.935 grafted with either dirty ‘Royal Red Honeycrisp’ or clean 
‘Royal Red Honeycrisp’. After several months of growth, excised 
root tips had RNA extracted for sequencing to study gene activity 
under virus-infected material vs. clean material. We found that 
rootstocks G.935, G.213, and G.969 exhibited highly targeted 
gene activity associated with programmed cell death (intentional 
cell death) and severe stress responses. This matched field 
observations for G.935, G.213, and G.969, where hypersensitivity 
to at least some viruses has been observed. In statistical tests, 
G.935 appeared more sensitive to CCGaV than other viruses. For 
G.969, sensitivity was confirmed in a Canandaigua, NY orchard 
where ASGV was statistically correlated with reduced tree height. 
On the other hand, G.890 displayed a more “generalist” gene 
response, and roots were relatively free of necrosis compared 
to the sensitive G.935, G.213, and G.969. A more general/broad 
genetic response to infection is desirable, as hypersensitive and 
targeted genetic reactions likely use more resources, reducing 
energy stores infected trees need to recover. Additional testing 
is underway for elites and released material as several appear to 
have a unique genetic response under viral infection, rendering 
them highly resistant to problematic Apple-borne viruses.

Field Trials—Leveraging Segregation to Identify Resistant 
Genotypes
	 While aeroponics experiments are hugely informative, field 
trials allow more realistic conditions under which to evaluate 
rootstock performance. A test orchard in Ephrata, WA grafted 
with ‘Royal Red Honeycrisp’ (20 clean reps, 20 dirty reps) has 

Figure 1.  Root growth monitored in aeroponic systems of G.935 and G.890 grafted with infected ‘Royal Red Honeycrisp’ (left panel; top and bottom), and 
G.935 and G.890 grafted with Clean ‘Royal Red Honeycrisp’ (middle panel; top and bottom). Statistical results (10 reps for each treatment) for root length 
and root disease index showing G.890 was largely unaffected and G.935 displayed significant reduction in mean root length (right panel; top and bottom).
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proved invaluable in identifying physiological effects of virus 
presence on different genetic backgrounds. Our test orchard 
in Geneva, NY, complimenting the Washington planting, 
contains 165 rootstocks and has exhibited segregation in two 
different rootstock populations, allowing us to select promising 
candidates for advanced molecular screening. Additionally, we 
plan on leveraging this orchard to identify virus-related effects by 
quantifying yield, leaf chlorophyll content, and trunk diameter. 
Preliminary results over the past several years indicate that trunk 
diameter is heavily correlated with virus presence or absence.
	 Tree growth differences due to treatment with dirty ‘Royal 
Red Honeycrisp’ vs. Clean ‘Royal Red Honeycrisp’ were measured 
by diameter of the trunk 10 cm above the graft union, which is 
correlated with overall tree size (Marini, 2024).  Measurements 
collected after 5 years of growth show full sibs G.935 and G.969 
displaying differential reactions to the treatment and signifigant 
differences in growth between virus and cleaned budwood when 
compared to several unreleased elites, suggesting the possibility of 
virus resistant advanced lines (lack of a hypersensitity response). 
Secondly, a progeny of a cross lacking ‘Ottawa 3’ demonstrates 
viral sensitity, suggesting that ‘Robusta 5’ may also be contributing 
to the sensitivity in progeny from ‘Ottawa 3’ x ‘Robusta 5’ crosses 
(G.213, G.214, G.814, G.890, G.935, G.969, etc.), whereas 
previously only ‘Ottawa 3’ was known to be sensitive to ASGV 
(James, 1997). 
	 In addition to our test orchard, a replicated field trial in 
Ephrata, WA continues to show the same reduced growth 
phenotype in most (but not all) infected trees, supporting 
segregation for virus resistance in ‘Ottawa 3’ x ‘Robusta 5’ crosses 
as well as ‘B.9 x G.935’. This has allowed us to identify promising 
elites that have little to no reduced growth under virus presence 
vs. control.

Next Steps: Identifying Resistance Genes and Screening 
Released and Elite Rootstocks
	 The Geneva® program is building a database of gene 

expression for virus sensitive and tolerant rootstocks. This gene 
expression “library” will be used to identify specific genes present 
in our breeding lines that convey resistance to viral infection, with 
a goal of overcoming the problems that G.935 rootstocks (and 
others) face under infection. With advances in genetic screening 
technologies, our approach is to develop markers that will tell us 
exactly which genes each rootstock contains at specific location 
in the apple genome. In tandem with this molecular approach, 
aeroponics testing of breeding lines, released material, and elites 
will continue so we can visually confirm molecular results by 
observing the physiology of infected plants. This research is in 
its’ preliminary stages, and we expect to identify the cause of 
viral hypersensitivity to flag it in released material and potential 
releases.
	 Understanding the sources of hypersensitivity and tolerance 
are particularly important as new research suggests the possibility 
of pollen and seed transmission of ASGV and CCGaV (Isogai et al., 
2022; Wunsch et al., 2024). If this is true then the use of certified 

Figure 2.  ‘Royal Red’ strain of Honeycrisp grafted onto G.935 rootstocks at Willow Drive Nursery in Ephrata, WA. Trees on the left were grafted with virus-
positive material from Wright’s 2020 publication (dirty). Trees on the right have been cleaned of virus with cryo- and thermotherapy (clean).

Figure 3.  Overall effect on growth of trees grafted with virus infected 
and virus cleaned Royal Red Honeycrisp in a replicated trial featuring 165 
different rootstocks (two full sib populations and elite rootstocks).
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Davis Upchurch is a Ph.D. Student working on virus 
resistance and biology in Geneva® apple rootstocks under 
Dr. Fazio and Dr. Londo. Terence Robinson is a research 
and extension professor at Cornell University and co-leader 
of the Geneva apple rootstock breeding program. Oscar P. 
Hurtado-Gonzales is a research scientist with APHIS in 
charge of the plant quarantine station in Beltsville, MD, with 
a focus on virus testing. Jason Londo is a research professor 
at Cornell University with a focus on abiotic stress in apple 
and grape. Sarah Bauer and Abby Nedrow are research 
technicians who work with Gennaro Fazio in the Geneva® 
rootstock breeding program. Gennaro Fazio is a research 
scientist with USDA-ARS who leads the Geneva® apple 
rootstock breeding program.  

clean trees on clean rootstocks could later become infected with 
harmful effects in the orchard. Complicating the dynamic further, 
viruses are what are known as a quasi-species—that is, hundreds 
of thousands of unique strains can exist in a single individual. 
In many cases, the viral strains are not overtly pathogenic and 
symptoms are sparse, but in some cases the opposite is true, 
and highly pathogenic strains are abundant (Howell et al., 1996). 
Thus, it is possible that if apple viruses are transmitted by seed 
or through pollen that existing orchards with uncertified, dirty 
budwood may act as viral reservoirs, transmitting an infection 
through pollen and seedlings.
	 While viral transmission continues to be studied, research 
is well underway into combining cryo- and thermotherapy with 
advances in molecular genetics. This will allow the Geneva® 
program to leverage all the positive traits of rootstocks such as 
G.935, G.969, and G.213 while eliminating genetic factors causing 
sensitivity. As touched on before, we have identified several 
rootstocks that appear to combine what is expected of Geneva® 
rootstocks (precocity, dwarfing, superior disease resistance) with 
viral tolerance. With a combination of these tools and a better 
understanding of released and unreleased rootstock resistance to 
viruses, nurseries and growers can be better prepared and know 
exactly what to expect if their trees become infected, or if dirty 
budwood is used to produce them.
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Morphology of field 
bindweed
	 Descriptions of field 
bindweed morphology have been summarized from Neal et 
al. (2023) and related sources. Seedlings emerge primarily in 
spring and display smooth, kidney- to square-shaped cotyledons, 
followed by alternate, arrowhead-shaped true leaves that may be 
smooth or sparsely pubescent. Leaf dimensions vary widely, from 
roughly 0.1 to 2.4 inches in width and 0.4 to 3.9 inches in length, 
depending on factors such as light and soil moisture. The slender 
stems can extend more than 6 feet, growing prostrate or twining 
around nearby plants or structures to form dense mats. The root 
system is extensive, with vertical roots reported to reach depths 
of 20–30 feet and lateral roots concentrated within the upper 
12 inches of soil. These lateral roots produce buds that facilitate 
regrowth after cultivation or injury.
	 Flowers are borne singly in leaf axils and are funnel-shaped, 
white to pink, and about 0.6–1 inch in diameter. Each flower 
contains both stamens and pistils, and two small bracts are 
located below the flower on the peduncle. Blooming typically 
occurs from spring until frost, though flowering may continue 
through winter in mild climates. The fruit is a small capsule that 
holds up to four rough, brown-to-black seeds, measuring 0.1–0.2 
inches long. Depending on growing conditions and management 
intensity, seed production can range from tens of thousands to 
over 20 million per acre.
	 Field bindweed is frequently mistaken for hedge bindweed 
[Calystegia sepium (L.) R.Br.] or wild buckwheat [Fallopia 
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Field bindweed (Convolvulus arvensis L.), a perennial 
member of the morningglory family (Convolvulaceae), is 
aptly named for its habit of twining through fields and other 

vegetation. Over time, it has been known by a variety of common 
names, such as creeping Jenny, European bindweed, sheep-
bine, and possession vine, reflecting its widespread recognition 
(Mitich 1991; Norwick 2015). Native to the Mediterranean basin 
of Europe and Asia, this species has adapted to many climates 
worldwide and can even be found at altitudes up to 10,000 feet 
in the Himalayas (Khoshoo and Sachdeva 1961). Field bindweed 
was first documented in the United States in 1739, most likely 
introduced as a contaminant in imported seed (Phillips and 
Timmons 1954). By the early 1800s, it had naturalized along the 
eastern seaboard, spreading westward to the Midwest and Pacific 
Coast by the early 1900s (Mitich 1991).
	 Field bindweed occupies a wide range of habitats, from 
agricultural fields and pastures to railways, roadsides, and 
unmanaged urban sites (Weaver and Riley 1982). It is particularly 
persistent in perennial cropping systems such as orchards, 
vineyards, and berry plantings, where limited soil disturbance 
allows established root systems to thrive. At the 2021 Cornell 
Tree Fruit Conference, growers identified field bindweed as one 
of their most troublesome weeds—second only to Canada thistle 
[Cirsium arvense (L.) Scop.] (Basedow et al. 2022). Although the 
species does not tolerate heavy shade, low-light conditions can 
stimulate its characteristic climbing behavior (Bakke and Gaessler 
1945; Gianoli 2001), enabling vines to infiltrate crop canopies and 
interfere with operations such as pruning and harvest.

F i e l d  b i n d w e e d  r e q u i r e s 
persistent monitoring and 
m u l t i - ye a r  m a n a g e m e n t. 
Effective control depends not on 
a single event but on sustained 
pressure that gradually depletes 
its regenerative capacity and 
seed reserves.

Figure 3. Field bindweed leaves; arrow-shaped with a 
rounded apex and basal lobes that are flat and point 
away from the stem. Also pictured is a fruiting capsule 
containing up to four seeds.

Figure 1. Field bindweed vines climbing 
up a grape trunk.

Figure 2. Field bindweed seedling with kidney-
shaped cotyledons.
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Table 1. Regrowth of field bindweed populations from California, New York, and 
Washington, measured 21 days after complete defoliation at 1 to 5 weeks following 
seedling emergence.  

Defoliation timing
Fresh weight Cumulated area Leaf 

numberLeaf Root Leaf Root

------ g pot-1 ----- ------ cm2 pot-1 ----- -- # pot-1 --

1 WAE 0.00 c 0.00 c 0.00 b 0.00 d 0.00 d

2 WAE 0.00 c 0.00 c 0.00 b 0.00 d 0.00 d

3 WAE 0.02 bc 0.20 b 0.20 b 0.55 c 0.55 c

4 WAE 0.09 ab 0.41 b 2.13 a 2.97 b 2.97 b

5 WAE 0.20 a 0.93 a 4.32 a 9.05 a 9.05 a

a Abbreviations: WAE, weeks after emergence. 
b In the absence of a significant location × defoliation timing interaction, data were 
pooled across locations.  

F i e l d  b i n d w e e d  r e q u i r e s 
persistent monitoring and 
m u l t i - ye a r  m a n a g e m e n t. 
Effective control depends not on 
a single event but on sustained 
pressure that gradually depletes 
its regenerative capacity and 
seed reserves.

disturbance, typically every 2–3 weeks. (Bioletti 1911; Frazier 
1943; Timmons and Bruns 1951). Infrequent cultivation can 
exacerbate the species spread by fragmenting and redistributing 
viable root pieces (Buhler et al. 1994). Larger root fragments, 
particularly those originating from shallow depths in the soil 
(<8 inches), are more likely to regenerate than smaller or 
deeper fragments (Omezine and Harzallah-Skhiri 2010) (Figure 
5). Although cultivation in orchards can increase labor and 
equipment costs compared to conventional herbicide programs 
(Peck et al. 2010) and carries risks such as trunk injury and soil 
health degradation, it remains one of the few effective weed 
management options available to organic growers. Mowing 
is rarely an effective strategy for controlling field bindweed 
because the prostrate vines often grow under the height of a 
mower deck. Electrical weeding is an emerging technology 
being explored as a non-chemical alternative for weed control, 
using high-voltage electric current to disrupt plant cells, causing 
tissues to dry out and die. In Oregon State University trials, 
this method effectively suppressed perennial weeds such as 
field bindweed and Canada thistle, significantly reducing their 
presence without negatively affecting blueberry growth or soil 
health. (Baccin and Moretti 2024)
	 To manage field bindweed and other difficult-to-control 
species, herbicides are commonly used (Basedow et al. 2022). 
Because field bindweed is a perennial species, systemic 

(i.e., translocated) post-
emergence herbicides such 
as 2,4-D and glyphosate 
are typically recommended 
for its control. Quinclorac 
is registered in several U.S. 
states for post-emergence 
control of field bindweed 
in bush and cane berry 
crops, where early-season 
applications have reduced 
weed biomass by up to 87% 
(Moretti and Peachey 2022). 
However, it is not currently 
registered for use in New 
York, limiting herbicide 

convolvulus (L.) Á.Löve]. Hedge bindweed can be 
distinguished by its larger, more deeply lobed leaves and 
by the pair of bracts that fully enclose its flower base. 
Wild buckwheat, an annual species in the Polygonaceae 
family, has thinner, more branched stems, pointed leaves, 
a papery sheath (ocrea) at the nodes, and clusters of 
small flowers rather than solitary blooms. For additional 
identification guidance, consult Cornell’s online 
bindweed identification resource https://cals.cornell.
edu/weed-science/weed-identification/bindweed-
identification (Sosnoskie 2025).

Control of field bindweed
	 Field bindweed’s persistence stems from its deep 
root system and long-lived seed bank. Its seeds are 
impermeable to water and can remain viable in soil for 
years or even decades (Brown and Porter 1942; Rolston 
1978; Timmons 1949; Whitesides 1970). Germination 
typically occurs from spring to early summer when 
soil temperatures range from 68–77°F, though seeds can sprout 
over a broader range (50–104°F) if moisture is sufficient. 
Seedling emergence is greatest from shallow depths (≤2.4 inches) 
(Asgharipour 2011; Benvenuti et al. 2001). Because seedlings 
are most vulnerable at this stage, early-season management, 
whether mechanical, chemical, or cultural, is critical for long-term 
suppression.
	 However, this window of opportunity is short-lived, as 
seedlings rapidly develop regenerative root buds that allow them to 
recover after defoliation. The timing of this transition to perennial 
growth was evaluated in a controlled trial at Cornell AgriTech, 
where field bindweed seedlings were completely defoliated at 1, 2, 
3, 4, and 5 weeks after emergence, and regrowth was assessed 21 
days later. Plants defoliated at 1 or 2 weeks after emergence were 
unable to recover, producing no new leaves or roots. In contrast, 
by 3- to 5-week-old seedlings were able to regenerate from 
perennialized root tissue (Table 1). This agrees with unpublished 
data presented in Weaver and Riley (1983) that “seedlings grown 
in the greenhouse were about to regenerate from the root when the 
aboveground portion was removed only 19 days after emergence” 
(Weaver unpubl. data).
	 The longevity and regenerative capacity of field bindweed 
are primarily attributed to its extensive and resilient root system. 
Historical research indicates that fully exhausting the root’s 
carbohydrate reserves requires several years of frequent soil 

Figure 4. Field bindweed stems, leaves, flowers and flower buds. Flowers 
are white to pink in color and develop on stalks emerging from leaf axils.

Figure 5. New shoots developing from 
small (approximately 5-10 cm in length) 
field bindweed root fragments.
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Integrated management of bindweed
	 Field bindweed is one of the most persistent and difficult-to-
manage perennial weeds in agricultural and perennial cropping 
systems. Its deep, extensive root system and long-lived seed bank 
allow it to survive drought, cultivation, and most short-term 
control measures. Once established, the plant can regrow from 
root fragments and recover quickly after defoliation, making 
eradication nearly impossible through a single management 
tactic.
	 Successful management requires a long-term, integrated 
approach that combines mechanical, chemical, and cultural 
practices:

•	 Early intervention is critical. Seedlings are most vulnerable 
within the first few weeks after emergence, before they 
develop regenerative root buds. Timely tillage or herbicide 
applications during this window can prevent establishment.

•	 Systemic herbicides such as 2,4-D and glyphosate are most 
effective when applied during active growth or flowering 
stages. Repeated treatments over several years are usually 
needed for meaningful suppression. Apply systemic 
herbicides to healthy, actively growing plants; stressed 
plants or those in poor vigor show reduced herbicide uptake 
and translocation. When using glyphosate, care must be 
taken to avoid crop contact to minimize the potential for 
injury. 

•	 Contact herbicides burn back aboveground leaf and stem 
tissue. There is no translocation to the root tissues. These 
provide only temporary suppression of field bindweed.

•	 Rimsulfuron may reduce bindweed emergence from 
established perennial vines; more data is needed from 
Northeastern U.S. trials to support label changes and 
recommendations for use.

•	 Mowing may not be effective because the vines frequently 
grow under the height of the mower deck. Frequent and 
sustained cultivation (every 2–3 weeks) over multiple 
seasons can weaken bindweed root reserves; infrequent 
tillage can worsen infestations by redistributing viable 
root fragments. cultivation may also cause damage to the 
crops themselves and negatively impact soil structure and 
health parameters. 

options for managing this perennial weed in berry production 
systems. Clopyralid, a systemic herbicide effective against Canada 
thistle, provides no control of field bindweed. Even when using 
effective systemic herbicides, multiple applications are often 
necessary to achieve more than temporary suppression (Davison 
1976; Hoss et al. 2003; Stone et al. 2005; Westra et al. 1992; Wiese 
and Lavake 1986).
	 The timing of systemic herbicide applications can greatly 
influence bindweed suppression. Data summarized by Wiese and 
Lavake (1986) showed that glyphosate provided an average of 82% 
control one year after treatment when applied to vines in “good” 
to “excellent” vigor, compared to only 56% control when applied 
to vines in “fair,” “poor,” or “very poor” vigor. Plant stress can 
reduce the effectiveness of systemic herbicides because stressed 
plants often have slower metabolism and limited translocation, 
preventing the chemical from moving efficiently to target tissues. 
Their data also indicated that herbicide performance is influenced 
by bindweed growth stage. Applications made during flowering 
provided 84% control, whereas applications during the vegetative 
phase provided only 68% control. Peak bindweed flowering 
occurs in midsummer, which partially conflicts with Cornell’s 
recommendation to avoid glyphosate in New York orchards after 
early July due to the risk of tree damage. Glyphosate treatments, 
regardless of timing, should always be applied carefully to avoid 
contact with green bark, foliage, fruit, or pruning wounds. Using 
wiper technology to selectively apply systemic herbicides can 
help target bindweed while minimizing off-target crop injury, 
especially when infestations are localized and allow for individual 
plant treatment. 
	 Contact post-emergence herbicides such as carfentrazone, 
glufosinate, and saflufenacil effectively burn back leaf and vine 
tissue, but their suppression of field bindweed is temporary 
and may require repeated applications. In a California trial, 
initial bindweed cover averaged about 70% across all plots on 
June 29, and by July 7, these herbicides had reduced cover to 
less than 6%. However, regrowth occurred steadily through 
August 4, with bindweed cover returning to approximately 35% 
across treatments (Sosnoskie, unpublished). Application timing 
must also consider pre-harvest intervals (PHIs), which differ by 
herbicide and crop, to ensure compliance with label requirements 
and food safety standards.
	 Although pre-emergence herbicides are primarily used to 
control weed seedlings, some can also suppress the emergence of 
established perennial vines. Preliminary research from California 
(Sosnoskie, unpublished) suggests that field bindweed may be 
sensitive to soil-applied rimsulfuron when treatments are made 
before vine emergence (Figure 6). Rimsulfuron exhibits both pre- 
and post-emergence activity, although the performance of each 
approach may differ for field bindweed. In New York trials, post-
emergence applications of rimsulfuron were ineffective against 
field bindweed but provided better control of hedge bindweed 
(Walter-Peterson et al. 2020), highlighting the importance of 
accurate weed identification when developing management 
strategies. Pesticide applicators must carefully review product 
labels to ensure that selected products are currently registered for 
use on the intended crop and in the applicable state, are effective 
against the target weed, can be applied at the desired timing, and 
are used in a manner that protects applicator safety, crop health, 
and the surrounding environment.

Figure 6. Number of perennial field bindweed vines per m2 in response to 
rimsulfuron (Matrix at 4 oz/A) applied in early April ahead of field bindweed 
emergence. Data were collected from a research trial conducted in Davis, 
CA. Additional research needs to be conducted in NY to evaluate responses 
under Eastern U.S. environmental and production conditions
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	 Because of its adaptability, field bindweed requires persistent 
monitoring and multi-year management. Effective control 
depends not on a single event but on sustained pressure that 
gradually depletes its regenerative capacity and seed reserves.
	 The herbicides mentioned in this study are cited 
for informational purposes only and do not constitute a 
recommendation for their use. Herbicide active ingredient names 
are used solely to provide specific information, and mention of 
a trade name does not constitute a guarantee or warranty of the 
product or an endorsement by the authors or their affiliated 
institutions.
This article was derived, in part, from: Sosnoskie, L.M., Hanson, 
B.D., Steckel, L.E. (2020) Field bindweed (Convolvulus arvensis): 
“all tied up”. Weed Technol 34:916-921.
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which had thre e , 
1m light bars (Li-
191R Line Quantum 
S e n s o r s ,  L I C O R , 
Lincoln, Nebraska, 
USA) attached 0.2 
m off  the ground 
from the front of the 
vehicle and a single 
r e f e r e n ce  s e n s o r 
(LI-190R quantum 
sensor, LICOR) at a 
height of 4m above 
the ATV. The ATV 
passed through each 
replicate of the 5 training systems and occurred on cloudy days 
in 2018, 2019, 2020, and 2024. A local weather station measured 
daily radiation and photosynthetically active radiation intercepted 
(PARi) was estimated by dividing the total Gigajoules per hectare 
(GJ·ha-1) of light received during May 1st and September 15th 
each year in half (Robinson and Lakso, 1991).  
	 Yield data were collected each year by counting the total 
number of fruit per tree, the number of drops beneath each tree, 
and recording the total fruit weight (kg) of each tree. An average 
fruit weight was calculated for each tree by the number of fruit 
divided by the weight and this value was multiplied to the dropped 
fruit before adding the weight of the dropped fruit to the total 
yield. Cumulative yields were calculated by summing all yield 
data (harvested weight + estimated dropped fruit weight) over 7 
years and converted to metric tons per hectare (t·ha-1). 
	 Tree size was calculated by measuring trunk circumference 
at 30cm above the graft union for each original tree and later 
estimating trunk cross sectional area (TCSA) using the area of 
the circle. TCSA increase was calculating by subtracting current 
year TCSA from the previous year. 
	 The light capture data and traditional horticultural 
parameters of yield and TCSA were combined as light conversion 
efficiency (CE) and photosynthate partitioning index (PI) 
variables. Tree light CE was calculated for each tree by dividing 
yield (t/ha fruit harvested + dropped fruit) by the quantity of 
photosynthetically active radiation intercepted (PARi). The PI 
was calculated by dividing the amount of yield/tree (kg fruit 
harvested + g dropped fruit) by the increase of TCSA (cm2) from 
the same year. Crop load (CL) was calculated as the number of 
fruit from each m2 of PARi similarly to Reginato et al., (2007). The 
average light interception (%) and CL across the study years was 
made by averaging all years of data,. Cumulative PARi and yield 
were calculated by adding each year of data including estimated 

Numerous training systems have been developed in apple 
orchards to increase light interception and maximize 
tree productivity in intensive production systems 

(Robinson, 2017). In  New York, many apple growers use the Tall 
Spindle System as alternative systems may require more time in 
the nursery, additional labor for training, or are planted at higher 
densities, increasing the establishment cost (Lordan et al., 2019). 
Nonetheless, alternative training systems may allow for additional 
light capture and present an opportunity to increase yield. For 
example, two stem Bi-axis trees reduce the vigor of each leader 
and possibly reduce the number of trees needed during orchard 
establishment. Cordon systems rely on training many vertical 
shoots from trees as well as closer row spacing in an attempt to 
capture as much light as possible (Tustin et al., 2018). Fruiting 
Wall trees are trained to a single vertical axis and are maintained 
to a narrow fruiting space through pruning cuts which do not 
allow branches to extend more than 10 inches away from the 
center of the row. Tall Spindle trees have a wider canopy size and 
are normally pruned once during dormancy to a width of 3 ft. 
V-trellis trees are planted at much higher density and trained to 
a series of wires at a 70-degree angle from the ground and have 
high light interception (Robinson 1998). 
	 In addition to improved horticultural performance some 
new high density planting systems are designed to incorporate 
future robotic pruning, thinning and harvest machines.  We call 
such systems “robot ready” systems. In this paper we compare 
the performance of five robot ready training systems and two 
cultivars over the first 8 years of orchard development.

Materials and methods
	 A field trial was planted at Cornell’s AgriTech Lucey Farm 
in Geneva, NY using ‘Gala’ and ‘Honeycrisp’ trees in 2017. The 
trees were trained to 5 systems (Bi-axis [Bi], planar cordon [C], 
fruiting wall [FW], tall spindle [TS], and V-Trellis [V]). The tree 
spacing for Bi-axis was 1.2m x 3.3m (2525 trees ha-1), fruiting 
wall was 0.9m x 3m (3704 trees ha-1), planar cordon was 3m x 
2m (1667 trees ha-1), tall spindle was 0.9m x 3.3m (3367 trees 
ha-1), and V-trellis was 0.45m x 3.5m (6349 trees ha-1). The Bi-
axis, fruiting wall, tall spindle, and V-trellis trees were planted 
with G.41 rootstock, but the planar cordon trees were planted 
on G.890 with the assumption that planting at a wider in-row 
spacing would require more vigor to fill the canopy space. Each 
system was replicated 4 times and each replicate consisted of 3 
rows sections of trees with each row section  was 9 m long and 
containing between 3 and 20 trees depending on the in-row 
spacing of each system. There were 3 rows for each variety.
	 Light interception measurements were collected similarly 
to Gonzalez and Robinson (2023), using a modified ATV 
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Figure 1. Average light interception (%), PAR intercepted (PARi, GJ·ha-1), 
conversion efficiency (CE, g fruit·[MJ PARi]-1), partitioning index (PI, kg 
fruit per TCSA [cm2] increase), and crop load (CL, Fruit number·[m2 PARi]-1) 
for ‘Gala’ (left) and ‘Honeycrisp’ (right) apples between Bi-axis (Bi), Cordon 
(C), Fruiting wall (FW), Tall Spindle (TS), and V-trellis (V) training systems 
between 2018 to 2024 (n = 4). 

This research was supported by the New 
York Apple Research and Development 
Program.
We have been evaluating 5 “robot ready” 
high-density planting systems with ‘Gala’ 
and ‘Honeycrisp’ apple trees. The super 
high-density V system had the highest 
cumulative yield over the first 8 years 
followed by the cordon, and fruiting wall, 
then the tall spindle while the bi-axis had 
the lowest cumulative yield.

2021, with only the Bi-axis and Cordon systems having higher 
CE than Tall Spindle and V-Trellis in 2020. In 2022, the Cordon 
system had the highest CE, nearly 2.5x more than the V-Trellis. 
All ‘Honeycrisp’ training systems were similar in 2023, but the 
Cordon system had the highest CE in 2024 and was around 5x 
higher than the V-trellis. The drop in CE in 2024 on each of the 
‘Gala’ systems, with an exception to the Cordon system, is also 
possibly a result of both overcropping in 2023 and a frost event 
which reduced overall fruit number in 2024. Regardless, the high 
values of the Cordon system was unexpected, as previous work 
showed the V-trellis had higher CE than other systems (Robinson 
and Lakso, 1991). Cumulative CE for ‘Gala’ was highest for the 
Cordon system and Tall Spindle, which were both higher than the 
Bi-Axis system. For ‘Honeycrisp’, the cumulative CE was highest 
for the FW and V-trellis, with the lowest CE calculated with Bi-
Axis and Cordon.
	 There were also differences in partitioning index (PI) 
among systems for both ‘Gala’ and ‘Honeycrisp’. PI is a reflection 
of the efficiency of the rootstock. Thus, as expected with the 

years together. Cumulative CE was calculated by dividing 
cumulative yield (g fruit·ha-1) of each block by cumulative PARi 
(MJ). Cumulative portioning index was calculated using 5-year 
cumulative yield and 5-year increase of TCSA.
	 Statistical analysis was performed using analysis of variance 
(ANOVA) comparing the training systems as the main effect and 
replication as a random variable by year. No replant tree data 
was used for understanding yield or increasing TCSA. Light 
interception values were averaged by training system within each 
replication of the orchard, excluding sections which had a high 
number of replants. Data were analyzed using the Proc GLM 
function of SAS (SAS Institute, Cary, NC, USA).

Results
	 Annual yield among systems was the highest for the V-trellis 
due to higher planting density for both cultivars between 2019 and 
2021 (Table 1). In 2022, yields of ‘Gala’ from the Cordon system 
and Tall Spindle were similar to the V-trellis and the Cordon 
continued to have similar yields to the V-trellis until 2024. For 
‘Honeycrisp’, The V-trellis continued to have the highest yield 
until 2024, when the Cordon system had the highest. Nonetheless, 
cumulative yields showed the V-trellis was the highest for both 
cultivars, a direct result of higher planting density and higher 
average light interception (Robinson, 2017). 
	 Light interception measurements taken in 2018, 2019, 2020, 
and 2024 did not always show the same relationship between 
systems or for both cultivars (Figure 1, A and B; Table 1). When 
expressed as PARi over a growing season (Figure 1, C and D; 
Table 1), in 2018 the highest light interception of ‘Gala’ was 
observed with V-trellis, while ‘Honeycrisp’ had the highest light 
interception for the Cordon system followed by V-trellis. In 2019, 
the ‘Gala’ again had the highest light interception in the V-trellis 
system while the Cordon system had the lowest light interception. 
The ‘Honeycrisp’ showed a similar trend, as the Cordon system 
had the least amount of light interception, and the V-trellis system 
was the highest. In 2020, the light interception of all systems 
except the V-trellis dropped compared to 2019.  This was most 
likely the result of excessive pruning to combat an intense fire 
blight infection. In 2024, the V-trellis system had the highest light 
interception for both ‘Gala’ (80%) and ‘Honeycrisp’ (72%). The 
average of 80% for ‘Gala’ grown on the V-trellis was exceptionally 
high, and the cause of the high yield of the V-trellis (Robinson, 
2017). Such high light interception was previously reported 
when reflective fabrics allowed additional light capture from 
light reflected back up to the canopy (Gonzalez and Robinson, 
2023). Average light interception and cumulative PARi had similar 
patterns by cultivar. The V-trellis was highest for both cultivars, 
but the Cordon system had statistically higher interception and 
PARi than the Bi-Axis, Fruiting Wall, and Tall Spindle in the 
‘Honeycrisp’ orchard.
	 There were differences in light conversion efficiency (CE) 
among systems and between years for both cultivars (Figure 1, 
E and F; Table 2). In 2019, the ‘Gala’ trees trained to the Cordon 
and V-Trellis systems had significantly lower CE than the other 
systems but in 2020 and 2021 there were no significant differences 
among systems. In 2022 and 2023, the V-Trellis system had the 
lowest CE compared to all other systems while in 2024, the 
Cordon system had the highest, followed by the Bi-axis, Tall 
Spindle, Fruiting Wall, and finally the V-Trellis. The ‘Honeycrisp’ 
trees showed few differences among systems between 2019 and 
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Table 1. Mean annual light interception (%), growing season (May 1 – Sept 15) photosynthetically active radiation intercepted (PARi, GJ·ha-1), and yield 
(t· ha-1) of ‘Gala’ and ‘Honeycrisp’ (HC) grown on five different training systems (n = 4). The final column shows either the average (x̄) light interception or 
the cumulative (Cum.) PARi and yield over the study years. 

Var. Cult. System 2018 2019 2020 2021 2022 2023 2024 x ̄ or Cum.

Lig
ht

 in
te

rc
ep

tio
n 

(%
)

Gala

Bi z33.6 37.2 ab 29.1 b y36.9 b 44.4 b 51.9 b 59.1 b 41.4 b

C 36.1 30.8 b 30.3 b 39.3 b 48.6 b 57.8 b 67.2 b 44.1 b

FW 32.5 35.7 ab 27.2 b 36.6 b 46.0 b 55.4 b 64.9 b 42.2 b

TS 33.6 34.2 b 26.5 b 36.1 b 45.9 b 55.7 b 65.6 b 42.2 b

V 40.1 47.6 a 51.8 a 58.7 a 65.8 a 72.9 a 80.1 a 60.1 a

P n.s. * *** *** *** *** ***  ***

LSD 10.9 9.4 9.2 3.7 6.1 5.5 8.2  5.4

HC

Bi 20.3 c 34 20.7 b 27.9 c 35.5 c 43.2 c 51.2 c 33.2 c

C 34.8 a 27.2 26.8 b 35.8 b 44.7 b 53.6 b 62.4 b 40.7 b

FW 20.5 c 30.2 23.9 b 31.9 bc 39.4 bc 46.9 c 53.9 c 34.6 c

TS 18.5 c 29.5 23.2 b 30.7 bc 38.1 c 45.5 c 52.7 c 33.0 c

V 25.5 b 38.8 44.4 a 51.4 a 58.5 a 65.6 a 72.8 a 49.7 a

P *** n.s. *** *** *** *** ***  ***

LSD 3.6 11.5 2.2 6.5 6.8 7.6 3.8  5.2

PA
Ri

 (G
J·h

a-1
)

Gala

Bi 4000 4900 b 4400 b 5300 b 6100 b 6900 c 7800 b 39100 b

C 4300 4000 b 4600 b 5700 b 6700 b 7800 b 8800 b 42100 b

FW 3800 4700 b 4100 b 5200 b 6300 b 7400 bc 8500 b 39600 b

TS 4000 4500 b 4000 b 5200 b 6300 b 7500 bc 8600 b 39500 b

V 4700 6300 a 7900 a 8600 a 9300 a 10000 a 10800 a 57400 a

P n.s. ** *** *** *** *** ***  ***

LSD 800 520 1500 1120 820 710 1070  5000

HC

Bi 2400 c 4500 3100 c 4000 c 4900 c 5800 c 6700 c 32000 c

C 4100 a 3600 4100 b 5100 b 6100 b 7200 b 8200 b 38400 b

FW 2400 c 4000 3600 bc 4500 bc 5400 bc 6200 bc 7100 c 32800 c

TS 2200 c 3900 3500 bc 4400 bc 5200 bc 6100 bc 6900 c 32500 c

V 3000 b 5100 6700 a 7400 a 8200 a 8900 a 9600 a 47600 a

P *** n.s. *** *** *** *** ***  ***

LSD 260 640 1010 890 900 1020 500  4700

Yi
el

d 
(t·

ha
-1

)

Gala

Bi 7.7 b 7.4 b 8.4 d  43.2 c 59.0 c 39.0 c 184.5 c

C 2.7 c 12.4 b 12.2 c 71.2 ab 108.1 a 65.1 a 255.4 b

FW 10.1 b 13.7 b 20.0 bc 59.6 b 64.2 c 44.3 bc 198.2 c

TS 9.7 b 16.1 b 23.4 b 70.1 ab 71.8 bc 50.0 bc 228.7 bc

V 17.2 a 30.2 a 37.8 a 83.9 a 92.9 ab 58.0 ab 320.0 a

P  *** ** ** ** * *  **

LSD  3.5 9.3 10.5 16.2 26.9 14.5  54.9

HC

Bi 7.8 c 4.0 b 10.5 c 33.1 d 19.1 d 25.1 cd 99.9 d

C 4.8 d 2.9 b 9.7 c 45.7 bc 26.4 cd 49.9 a 141.2 bc

FW 11.9 b 4.2 b 21.8 b 49.2 b 42.3 b 32.0 c 161.4 b

TS 9.5 c 3.5 b 19.5 b 37.3 cd 35.9 bc 21.0 d 126.9 cd

V 16.6 a 7.9 a 41.3 a 71.5 a 59.3 a 41.7 b 234.4 a

P  *** ** *** *** *** ***  ***

LSD  2.4 2 5.8 11.3 10.2 7.4  31.6

zLight measurements between 2018-2020, 2024 are compared statistically and letters show differences according to LSD test (P ≤ 0.05, 0.01, and 0.001 
correspond to *, **, and *** respectively).
yValues between 2020 and 2023 show estimates of light interception based on linear regression. 
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Table 2. Mean annual conversion efficiency (CE, g fruit·[MJ PARi]-1), partitioning index (PI, kg·[cm2 TCSA 
increase]-1), and crop load based on light interception (fruit·[m2 PARi]-1) of ‘Gala’ and ‘Honeycrisp’ (HC) grown 
on five different training systems (n = 4). The final column shows either the cumulative (Cum.) CE and PI, or the 
average (x̄) CL over the study years. 

Var. Cult. System 2019 2020 2021 2022 2023 2024 Cum. or x̄ 

CE
 (g

 fr
ui

t·[
M

J P
AR

 In
t.]

-1
)

Gala

Bi 3.2 a 3.9 4.8 15.3 ab 20.3 a 12.4 b 5.8 c

C 2.2 b 9.1 7.5 19.9 a 24.6 a 22.7 a 7.7 a

FW 3.0 a 5.6 7.8 14.3 ab 21.5 a 7.9 c 6.6 abc

TS 3.2 a 7.2 9.7 16.7 a 23.5 a 8.8 c 7.5 ab

V 2.1 b 3.5 4.6 8.8 b 9.7 b 4.6 d 6.5 bc

P * n.s. n.s. * ** ***  *

LSD 0.5 3.7 3.1 5.9 3.8 2.8  1.1

HC

Bi 3.2 1.3 a 5.5 12.1 b 6.6 7.1 b 3.5 c

C 4.0 1.4 a 6.4 17.0 a 9.2 16.4 a 4.1 c

FW 4.0 0.7 ab 6.9 11.4 bc 8.9 6.1 b 5.3 a

TS 3.2 0.5 b 6.5 9.5 c 8.3 4.6 c 4.3 bc

V 2.4 0.4 b 4.9 7.0 d 5.4 3.1 d 5.2 ab

P n.s. * n.s. *** n.s. ***  **

LSD 1.3 0.7 2.5 4.0 2.5 2.5  2.2

PI
 (k

g·
[cm

2 T
CS

A 
in

c.]
-1

)

Gala

Bi 0.9 cd z1.0 bc 3.7 10.6 4.6 3.3

C 0.5 d 0.4 c 3.1 9.1 3.7 3.1

FW 1.5 bc 1.7 ab 4.6 9.1 4.0 3.2

TS 2.4 ab 2.1 a 5.4 11.3 5.2 4.5

V 2.5 a 2.4 a 4.3 7.1 4.5 4.0 

P  *** ** n.s. n.s. n.s.  n.s.

LSD  1.0 1.1 1.7 2.2 2.2  1.2

HC

Bi 0.7 2.2 b 5.6 a 3.6 bc 4.8 b 3.4 bc

C 0.2 0.6 c 3.1 b 2.7 c 6.1 a 2.8 c

FW 0.5 2.6 b 5.3 a 6.6 a 4.5 b 4.1 ab

TS 0.5 2.8 b 6.6 ab 6.9 a 3.4 c 4.1 ab

V 0.9 4.1 a 6.6 a 6.0 ab 4.2 b 4.3 a

P  n.s. *** ** ** ***  **

LSD  0.6 0.7 1.7 1.7 0.7  0.8

CL
 (F

ru
it·

[m
2 P

AR
i]-

1)

Gala

Bi 15.0 c 17.0 b 13.2 b 64.4 b 135.4 b 43.5 48.1 b

C 8.7 d 25.5 b 15.6 b 81.3 ab 191.8 a 57.3 63.4 a

FW 21.1 b 39.6 a 34.0 a 81.8 ab 155.5 ab 44.9 62.8 a

TS 21.1 b 39.5 a 37.6 a 91.0 a 163.9 ab 44.9 66.3 a

V 26.4 a 39.5 a 35.6 a 100.3 a 118.8 b 46.4 61.1 a

P *** ** * * * n.s.  *

LSD 2.7 13.6 16.2 20.8 45.9 11.8  12.9

HC

Bi 7.6 c 4.8 13.3 b 65.5 b 32.2 b 29.8 bc 25.5 c

C 6.8 c 2.6 9.5 b 65.5 b 28.8 b 39.4 a 25.5 c

FW 14.3 a 4.2 25.8 a 88.2 a 70.7 a 33.5 ab 39.4 ab

TS 11.6 b 3.0 24.5 a 65.1 b 63.2 a 23.8 c 31.9 bc

V 14.8 a 3.8 30.2 a 81.2 ab 77.0 a 34.9 ab 40.3 a

P *** n.s. *** * ** **  **

LSD 2.4 2.2 7.3 18.5 19.2 7.9  8.0

Cordon system often had 
the lowest index value due to 
the vigorous G.890 rootstock 
(Figure 1, G and H; Table 
2). The PI was significantly 
lower on the Cordon system 
for ‘Gala’ in 2020 and 2021 
compared to the Fruiting 
Wall ,  Tall  Spindle,  and 
V-Trellis. No differences 
were observed statistically 
in 2022, 2023 or 2024. The 
large PI value in 2023 across 
all systems corresponds with 
high number of fruit on 
the trees. The ‘Honeycrisp’ 
PI showed low values for 
the Cordon system until 
2024,  when i t  had the 
highest value compared 
to the other systems. The 
Fruiting Wall, Tall Spindle, 
and V-Trellis systems often 
had the highest values of PI 
for ‘Honeycrisp’ until 2024. 
The cumulative PI values for 
‘Gala’ showed no differences, 
however the V-trellis, Tall 
Spindle, and Fruiting Wall 
had higher cumulative PI 
than the Cordon system for 
‘Honeycrisp’.
	 CL based upon light 
interception was different 
among training system for 
both cultivars throughout 
the study, with both cultivars 
showing the highest CL in 
2019 in the V-trellis system 
(Figure 1, I and J; Table 2). 
The highest CL values were 
observed on ‘Gala’ with the 
V-trellis, Tall Spindle, and 
Fruiting Wall, until 2023, 
when the Cordon system 
had the highest CL. The very 
high values for ‘Gala’ in 2023 
across all systems was due to 
a high fruit set, yet sufficient 
rainfall to achieve good 
fruit size. A similar trend 
occurred in 2024 for ‘Gala’ 
CL, although no statistical 
differences were found. The 
‘Honeycrisp’ trees generally 
had higher CL values on 
V-trellis, Tall Spindle, and 
Fruiting Wall with the lowest 
CL values on Bi-axis and 
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Cordon across the study. However, the Cordon 
system had the highest CL in 2024. Across all 
years the average CL of ‘Gala’ was lower for 
the Bi-Axis compared to all other systems. For 
‘Honeycrisp’, the average CL was highest for the 
V-trellis and Fruiting Wall, which were both 
higher than the Cordon or Bi-Axis.
	 Plotting cumulative light interception by 
cumulative yield revealed a strong relationship 
between cumulative light interception and 
cumulative yield regardless of the systems 
for ‘Gala’ (R2 = 0.80) and ‘Honeycrisp’ (R2 = 
0.86) (Figure 2). The V-trellis intercepted the 
most light over the first 8 years and had the 
highest cumulative yield per hectare. While the 
Cordon system intercepted the second highest 
cumulative light, yield was correspondingly the 
second highest for ‘Gala’ but not for ‘Honeycrisp’, 
as the Fruiting Wall had the second highest 
cumulative yield, performing better than 
expected based on light interception. The Bi-
axis system for both cultivars had the lowest 
cumulative PARi and cumulative yield.

Discussion
	 We have previously shown that cumulative yield is related 
to cumulative light interception and planting density.  Thus, 
as expected in the present study, after 8 years, the V-trellis 
system which had the highest planting density had the highest 
cumulative yield and the highest values of light interception, 
with ‘Gala’ trees averaging 80%, and the ‘Honeycrisp’ trees 70%. 
Surprisingly the Cordon system which had the lowest planting 
density had the second or third highest yield with Gala and 
Honeycrisp, respectively.  It also had the second highest light 
interception. The Cordon system in this study achieved over 
60% light capture for both ‘Gala’ and ‘Honeycrisp’ apples and 
surprisingly had higher CE and CL than other systems in recent 
years. However, the increased light capture of the Cordon system 
is a function of the very narrow row spacing (2m=6.5ft). Such a 
narrow spacing between rows would require different orchard 
machinery, possibly over the row machinery and thus is not likely 
to be adopted. 
	 The tall spindle and the fruiting wall performed similarly 
as the cordon system while the bi-axis system had the lowest 
cumulative yield. The performance of each system needs to be 
explored over the lifetime of the orchard and additional years 
of data collection are needed as well as exploring CE and PI 
adjusted for annual crop load will allow a more comprehensive 
horticultural and economic understanding between the systems.  
This will also allow an economic evaluation of each system which 
will point the direction for future orchard design.
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Figure 2. Cumulative light interception (PARi, GJ·ha-1) by cumulative yield (t·ha-1) 
measurements between 2019 and 2024 for ‘Gala’ (black circles, dashed line, R2 = 0.80) and 
‘Honeycrisp’ (white squares, dashed and dotted line, R2 = 0.86) for Bi-axis (Bi), Cordon (C), 
Fruiting wall (FW), Tall Spindle (TS), and V-trellis (V) training systems.


