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Precision Crop Load Management

Precision crop load management is a management philosophy that seeks 
to manage the number of apples on each tree in a precise number to 
obtain the best possible economic outcome. 
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CROP LOAD

Crop load management is 
one of the most 

economically critical 
management practices of 

growing apples. 

Apple trees often produce 
many more flowers than 
needed for a commercial 

crop. 

Only 3-10% of the initial 
population of flowers 
should be carried to 

harvest to optimize crop 
value and promote annual 

bearing. 

Although some fruitlets 
abscise naturally, without 
active crop thinning, too 

many fruits remain, 
resulting in small fruit size 
and poor return flowering. 

Small fruit size at harvest 
sharply reduces crop 

value. 

Over-thinning also has 
serious economic 

consequences resulting in 
reduced yield and lower 

total crop value. 
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A Physiological Problem: The Optimum Crop Load and thus 
Optimum Fruit Number Varies with Climate

Better Climate

NY Climate

Credit to Terence Robinson



Physiological aspects 1
Define the optimum fruit number per tree 
based on physiological studies in several 
climates

Team: Terence Robinson, Tom Kon, Todd 
Einhorn and Stefano Musacchi

• Compare bud load and crop load in 4 
climates (NY, MI, NC and WA) for 4 
years with Gala and Honeycrisp

• Evaluate the optimum bud load and 
optimum crop load from an economic 
perspective to develop target bud and 
crop loads for each region.

• Develop targets for other varieties (NY1, 
WA38, Fuji, Maia)

Credit to Terence Robinson
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Timeline by phenology stage

Dormant 
buds

Green tip
Tight green 

cluster

Full bloom 
(K+Lats
open)

Start petal 
fall

End petal 
fall

10 mm 
fruitlets

• OBJ 1A1-Effect of Pruning Severity of Gala on Yield, Fruit Size and Crop Value in 4 climates (Robinson, Musacchi, Einhorn 

and Kon)

• OBJ 1A2-Effect of Crop Load of Gala and Honeycrisp on Yield, Fruit Size and Crop Value in 4 climates (Robinson, Musacchi, 
Einhorn and Kon)

• OBJ 1B-Imaging for bud quality and removal by pruning or thinning (Einhorn, Robinson, Musacchi, and Kon)

• OBJ 1C-Imaging, mapping and predicting early fruitlet drop to precisely manage thinning (Einhorn, Robinson, Musacchi, and Kon)

• OBJ 1F-Understand the fruit set mechanism in ‘WA38’ (Serra-Musacchi)

• OBJ 1G- Thinning with bee exclusion system for Fuji and WA38 (Musacchi-Serra)

SCRI

Trees 
selection 

(60 uniform 
trees/cv) 

Narrowed 
down later 
to 40 total

Pruning:  

At green tip, reduce the total number of spur floral 

buds per tree to 50, 100, 150, 200, 250, 
300, 350 or 400 with a target of 8 trees at each 

level. (The pruning must be done at green tip when 
floral spur buds can be easily distinguished from 
vegetative buds.  Do not count lateral buds on 1-year 
wood) . 
Pruning will be done by first eliminating 1-2 branches 
larger than ¾” diameter (2cm), then reducing the 
number of flower buds by spur pruning (extinction) 
by removing only the growing point from the spur. 

Hand thinning at full bloom to 2 flower per cluster then thin to 
single fruitlet (largest) at 10mm fruit size

Chemically thin at bloom with lime sulfur and fish oil guided by the 
pollen tube growth model, at Petal Fall with NAA+Sevin and 12mm 
with Maxcel+Sevin if needed. The number of thinning sprays 
determined locally.

Thinning at Full Bloom



•With Gala, the WA 

climate in 2022 gave 

the largest fruit size at 

low crop load but 

similar size as NY at 

high crop loads.

• The NY and MI 

climates had 

intermediate fruit size 

at any crop load.

• The NC climate had 

smaller fruit size at any 

crop load. 

Results- Pruning Severity –Gala - 2022
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•With Honeycrisp, the 

WA climate gave the 

largest fruit size at 

any crop load.

• The NY, MI and NC 

climates had smaller 

fruit size at any crop 

load.

Results- Pruning Severity – Honeycrisp - 2022
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Economic Results of Pruning Severity - 2021
How many flowering spurs to leave on Honeycrisp?

• For Honeycrisp leave 200 to 250 flowering spurs per tall spindle tree

• In 2022 flowering spur counts at Geneva showed 500 flowering spurs

y = -0.0003x2 + 0.0588x + 2.7811
R² = 0.1534

y = -8E-05x2 + 0.0298x - 2.3618
R² = 0.5657

y = -7E-05x2 + 0.0336x - 1.3724
R² = 0.4696
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Physiological aspects 2
Improve the models that guide chemical 
thinning

Team: Terence Robinson, Lailiang Cheng, Greg 
Peck, Sherif Sherif, Tory Schmidt, Todd 
Einhorn and Stefano Musacchi

• Universal Pollen Tube Growth Model

• Refine Carbohydrate Model

• Extend Carbohydrate Model to Western 
States

• Improve Fruit Growth Rate Model

• Develop methods to use fruit growth rate 
without measuring fruit diameters

Bloom Thinning Spray 

Petal Fall Spray 

Carbon Balance Model 

Carbon Balance Model 

Fruit Growth Rate Model 

10-13mm Spray 

Carbon Balance Model 

Fruit Growth Rate Model 

16-20mm Spray 

Carbon Balance Model 

Fruit Growth Rate Model 

Target Fruit Number 

Initial Flower Load 

Pollen Tube 

Growth Model

Credit to Terence Robinson
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Fine-tune the MaluSim model for ‘Honeycrisp’ 

Lialiang Cheng, Terence Robinson, Alan Lakso
School of Integrative Plant Science, Cornell University



Cornell Carbohydrate Model:

• Both a Web-based version (newa.cornell.edu) and a mobile 
phone version (MaluSim.org) are available for USA growers.

• The model uses sunlight and temperature to estimate 
carbohydrate availability for fruit growth.

• We estimate thinning efficacy for any given spray using an 
average carbohydrate balance 2 days before and 4 days after 
the spray.

• The model also calculates degree days after bloom and 
adjusts predicted thinning efficacy according to the number 
of DD from full bloom for any given spray.

– Apply PF spray at 110-130 DD after full bloom

– Apply 12mm spray at 200-250 DD after full bloom

– Apply 18mm spray at 300-350DD after full bloom



Fine-tune the MaluSim model for ‘Honeycrisp’ 

The original MaluSim model was developed on ‘Empire’ spindle trees

The model has been used extensively for predicting tree thinning responses based 
on tree carbon balance: 
 Carbon surplus supports fruit growth, resulting in less thinning
 Carbon deficits limit fruit growth, leading to more thinning
 
However, early season leaf area development needs more accuracy
 
We conducted whole tree destructive sampling on ‘Honeycrisp’ on B9, M9, G11 an 
G41 at budbreak, bloom, end of spur leaf growth, and end of shoot growth to 
collect data on total tree leaf area, photosynthesis and dry matter for testing and 
refining the MaluSim model to adapt the model to this weak growing variety.



• Todd Einhorn, Ph.D.

• MSU

• East Lansing, MI

• Physiology Team

• Precision bud pruning, fruit set prediction 
models, characterizing the physiological 
responses of vegetative and flowering/fruiting 
processes to crop load



• Our goal was to develop an alternative model that generates similar fruit set 
predictions as the fruit growth rate model without the need for repeated fruit 
measures

• Our approach is based on the distribution of fruitlet weights from a harvested 
sample population

• This approach can inform automated fruitlet imaging technologies by 
eliminating the need for geo-referencing

Fruit Size Distribution Model- Precision Thinning

https://www.goodfruit.com/evolutions-in-imaging/



Protocol

Count the number of 
flowers of 25 clusters

Collect 50 of the tagged 
clusters on 3, 6 and 9 d 
after thinner application

Defruit clusters

Weigh fruit individually on scale connected to 
computer- data exports automatically to Excel

Predictions are 
automatically generated and 
graphed

Reapply thinner if prediction 
is higher than target

First, Tag 150 random clusters 
in orchard; then, count all 
clusters on 3-5 trees

https://pacman.extension.org/category/uncategorized/

Apply thinner, 
ideally no later than 
~6 mm diameter
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FSDM Predictions

• The FSDM accurately estimates the final fruit 
set (recorded at ‘June drop’) by 8 days after 
thinner application (6 mm)

– Too late? 6 mm dia.* 0.93 mm/d * 8 d = 13.4 mm 
dia. (still high sensitivity to chemical thinners)

• The FSDM has generated  
similar predictions as the 
FGR model 

• The FSDM requires 
substantially less time to 
implement the protocol



Dr. Tom Kon

Assistant Professor 

Mountain Horticultural Crops Research and Extension Center 

Mills River, NC

Physiology Group

Project activities
Participated in coordinated trials in NC, NY, MI, and WA:

1a. Determine the economic optimum crop load for apple 
regions
1b. Imaging for bud quality and removal by pruning or thinning
1c. Imaging, mapping and predicting early fruitlet drop to 
precisely manage thinning
• Led an effort to evaluate NIR/Vis spectroscopy to predict 

fruit abscission

Participated in coordinated trials in NC, NY, and WA:
1d. Develop a universal pollen tube growth model

Local and regional outreach of project findings (Objective 5)



Is there an earlier/more accurate indicator of 
fruitlet abscission?

• Orlova et al., 2020
• Vis/NIR spectroscopy →measures the reflectance of light 

• >80% accuracy in abscission prediction @ 6 days after thinner 
application

• Suggested that trichome density led to differences in spectral 
reflectance

Key questions: 
• Can an off-the-shelf portable Vis/NIR spectrometer be used to 

predict fruit abscission?

• Can machine learning models improve the accuracy of 
predictions?

• What are the key differences in abscising/persisting fruit that this 
instrument is detecting? 



Reflectance Spectra – 3 Days After Thinner

Days after Thinner Overall Accuracy (%)
Predict Persisting 

(%)
Predict Abscising 

(%)

3 90 89 90

5/6 91 89 92

9 95 94 95

‘Honeycrisp’ Vis/NIR Model Accuracy – 2021 + 2022

Key findings (published in HortScience)
• ~90% accuracy in prediction 3 days 

after thinner application
• Using machine learning models 
• Consistent across a 2-year period 

on ‘Honeycrisp’

• Multiple potential early indicators 
were identified:
• fruit water content
• total chlorophyll
• trichome density?

• Cultivar, thinning timing, chemistry, 
and fruit size considerations?
• Address this in 2023 coordinated 

trials with Cornell and MSU 

Links to manuscripts 
on our work to date 
with this technology



Improving the Pollen Tube Growth 
Models for more Precise Flower 
Thinning

• Brent Arnoldussen (PostDoc) & Greg Peck (PI)

• Cornell University (Ithaca, NY Campus)

• Physiology Team

• Objective 1d. Develop a universal pollen tube growth model



Major 
Activities

Utilize 10 years of pollen tube 
growth rate data to create 
"universal" models

Ground truth new models in 
existing and new cultivars through 
nationwide trials

Make the most accurate and 
reliable models available through 
mesonet systems for national beta 
testing in commercial orchards

Dr. Brent Arnoldussen hand-pollinating 

flowers 



Key Findings
• Style length not 

correlated to pollen tube 
growth rate

• New models use 
Growing Degree Hours 
by Percent Stylar 
Penetration

• Several new models can 
accurately predict pollen 
tube growth regardless 
of cultivar

• New models do not 
require style length 
measurements

• New models provide 
ranges for when flower 
thinning chemicals can 
be applied



2023 WA 
pollen tube 
growth 
model 
testing



Sherif M. Sherif, PhD

Associate Professor, Tree Fruit Physiology & Molecular Biology, Virginia Tech

Alson H. Smith Jr. Agricultural Research and Extension Center, Winchester, VA

PACMan team(s) you’re serving on (Physiology-Bloom Thinning Materials and Models) 



Evaluation of blossom thinning 
spray timing strategies in apple

• Research Focus: Evaluating lime sulfur + stylet oil for apple blossom 
thinning in the Eastern USA (‘Gala’ apples), 

• Locations: Winchester, Virginia, and Mills River, North Carolina.

• Spray Timings Tested:
• Model-guided (PTGM).

• Fixed intervals: First spray at 20% or 80% open bloom, second spray after 48 
or 72 hours.

• Findings:
• Effective Thinning: Early spraying (20% bloom + 48h) and PTGM method.

• Ineffective: Delayed spraying (80% bloom) or extended interval (72h).

• Safety: No adverse effects on russet formation or leaf phytotoxicity.



Trials on Thinning Materials

• ATS (1.5%) Treatments:
• With/Without Stylet-Oil (1%) effectively reduced 

fruit/crop density, leading to larger and heavier 
fruits.

• Potassium Bicarbonate (1.5%) + Stylet-Oil (1%):
• Noted damage to plant foliage and flowers.

• LS Rates Impact:
• High rates (3% Lime Sulfur, 2% Stylet Oil) led to 

severe russeting & lower fruit packout.
• Low rates (1% Lime Sulfur, 1% Stylet Oil) showed no 

significant thinning effect.

• Optimal LS Rates:
• Using 1.5-2% Lime Sulfur with 2% Oil achieved 

effective thinning with minimal russeting.



Steps in 

Precision 

Chemical 

Thinning

Bloom Thinning Spray 

Petal Fall Spray 

Carbon Balance Model 

Carbon Balance Model 

Fruit Growth Rate Model 

10-13mm Spray 

Carbon Balance Model 

Fruit Growth Rate Model 

16-20mm Spray 

Carbon Balance Model 

Fruit Growth Rate Model 

Target Fruit Number 

Initial Flower Load 

Pollen Tube Growth Model

110-130 DD after Bloom

200-250 DD after Bloom

300-350 DD after Bloom

PTGM



Engineering design and robotic machine
Automate fruit, bud and flower counting using computer vision.

Team: Chris Layer (MOOG), Paul Heineman, Long He, Dana Choi 
and Yu Jiang

• Autonomous or driven vehicle with computer vision to geo-
reference each tree in the orchard and then count/measure

• trunk area
• dormant flower buds 
• floral buds at green tip to pink
• flowers at bloom
• fruitlets at 10-20mm size
• fruits at 25-35mm size
• fruits pre-harvest.

• Convey to human workers actionable information to assist in 
crop load management during dormant pruning and hand 
thinning.

• Fully autonomous crop load management vehicles that can 
count crop load, calculate optimum crop load and then adjust 
crop load.

Credit to Terence Robinson



Long He1 and Paul Heinemann2

The Pennsylvania State University

1Fruit Research and Extension Center, Biglerville, PA
2University Park, PA

Engineering Team

Project objectives addressed:

Objective 2: Develop computer vision systems to count dormant buds, newly expanding buds in the 
spring, flowers and fruitlets to guide human workers in crop load management activities.

Objective 3: Conduct engineering design and development of robotic machines to conduct bud, 
flower or fruitlet thinning autonomously.



Major Activities and Trials:

❑ Deep learning-based models for flower bud 
detection in tree canopy

❑ Mechanical end-effector development and field test 
for excessive bud removal on branches

❑Extension event on precision crop load management 
for apples



Models YOLOv4 YOLOv5 YOLOv7

Silver tip 94.0 75.0 70.3

Green Tip 93.7 72.1 63.3

Tight Cluster 98.1 95.6 94.4

Bud Stages Average Precision with different Models (%)

YOLOv4 YOLOv5 YOLOv7

Silver Tip 94.0 75.0 70.3

Green Tip 93.7 72.1 63.3

Tight Cluster 98.1 95.6 94.4

Flower Bud Detection Flower Bud Removal (Fuji)

Bud Stages Removal efficiency (%)

Scissors Brush

Silver Tip 94.7 72.5

Green Tip 92.6 93.0

Tight Cluster 94.6 92.1

Note: this is only for end-effector test, no integration with 
machine vision system and robotic arm. 



Extension Event – Precision Crop Load Management 

Note: this extension event was supported by the NIFA-
SCRI project - Precision Crop Load Management for 
Apples. 



Evaluate the economics of precision crop load 
management and of automating crop load 
management

Team: Miguel Gomez, Rod Farrow and Terence 
Robinson, MOOG business group

• Evaluate the economics of precision 
crop load management in comparison 
to traditional thinning strategy

• Evaluate various business models for 
implementing the automation 
technology

Economic and sociological impacts 

Credit to Terence Robinson



Miguel Gomez & Mauricio Guerra Funes

Cornell University

Ithaca, NY

Workstream: Economics (Objective 4)

Objective: Evaluation of the economic and sociologic impact of adopting precision crop 

load management for sustainable apple production

Major Activities:

1. Develop a profit function based on experimental data that predicts profit as a function of 

fruit load.

2. Develop a phone-based Survey + Choice Experiment to address Grower Technology 

Adoption Insights

Food & Agriculture Applied Economics



Photos, illustrations, graphics here.

Key Findings

• As expected, we do see differences among states, 
Washington operates at a higher profit range 

• The relationship between cropload and profit is 
curvilinear and concave, indicating a maximum 
profit range exists. Based on 2 years of harvest 
data, that point is 387 fruit per tree (Gala).

• Implication: per every unit of fruit we increase per 
tree we can expect to see an increase in profit of 
$0.148, up to a maximum of 387 fruit per tree. We 
can also expect a profit decrease rate of $-0.148 if 
we keep increasing fruit per tree beyond 387 units. 

State comparison for the relationship between 

Fruit/tree and partial profit 



Photos, illustrations, graphics here.

Choice Experiment & Survey in execution at 2023 NW Hort Expo



Outreach efforts to increase the adoption of precision 
crop load management 

1. Extension Team: Jon Clements, Karen Lewis, 
Tory Schmidt, Mario Miranda Sazo, Craig 
Kahlke, Phil Schwallier and Anna Wallis

2. Stakeholder advisory committee of growers 
and researchers.

3. New website: https://pacman.extension.org/

4. Field demonstrations

https://pacman.extension.org/


PACMAN Extension Team
Jon Clements – UMass Amherst

Karen Lewis (Washington State University) and Tory Schmidt (WTFRC – not pictured)

Mario Miranda, Craig Kahlke, Michael Basedow
and Yu Jiang (not pictured) – Cornell University

Long He and Daniel Weber – Pennsylvania State University

Anna Wallis and Phil Schwallier – Michigan State University (not pictured)



PACMAN Extension Team - Objectives

• Conduct in-field demonstrations, 
organize winter grower meetings, and 
summer field tours/field days

• Develop and disseminate information via 
Extension publications, trade journals 
and web-based resources

• Conduct collaborative on-farm trials with 
leading growers and crop consultants to 
demonstrate the economic impact of 
precisely managing crop load and to 
expedite industry adoption



pacman.extension.org - Posts



Digital Technologies for Precision Crop Load Management

Automation of geo-referenced 
fruit, bud and flower counting using 

computer vision:
• trunk diameter
• dormant flower buds
• floral buds at green tip to pink
• flowers at bloom
• fruitlets at 10-20mm size
• fruits at 25-35mm size
• fruits pre-harvest



Rovers with cameras, drones, or hand-held phones used to count 
buds and fruitlets to produce heat maps to guide thinning

• MOOG
• Green Atlas
• Vivid Machines
• Outfield
• Aurea/Munckhof

• Farm Vision/Pometa
• Fruit Scout
• Orchard Robotics
• Agerpix



Using Cell phone camera to count and measure fruitlet diameter

Fruit Scout – uses individual fruit pictures to measure fruit growth rate and 

estimate fruit set after a thinning spray

Pometa/Farm Vision – uses a cell phone video of several trees to identify and 

measure fruitlet diameter and fruit set after a thinning spray  



Orchard Robotics Inc.



PACMan
physiology 
field plots
- Orondo, WA

Vision systems evaluated
2022:  Farm Vision
2023:  Pometa, Green Atlas



2022 fruit 
scans: Farm 
Vision vs. 
hand counts



How to transform information from automated counting into 

actionable information 

1. Maps of variability provided to orchard 

owner/manager can help managers address crop 

load and variability across orchard.

2. Conveying actionable information to human 

workers would allow tree specific crop load 

management during dormant pruning and hand 

thinning.

3. Smart sprayers linked with geo-referenced 

information about flower bud, flower cluster, or 

fruitlet data would allow variable rate spraying. 

4. Individual tree information on crop load and 

yield will allow more precise management of 

fertilization with variable rate fertilizer machines.



Is precision crop load management worth the effort

• There will be a cost in time, money and 

effort.  

• However, the returns for the extra effort 

can be very large.

With Gala – mostly small apples return $10,000 per acre

 – optimum crop load return $15,000 per acre

With Honeycrisp – mostly small apples returns $20,000 per acre

 – optimum crop load return $35,000 per ha



tory@treefruitresearch.com

www.treefruitresearch.com

www.treefruit.wsu.edu

www.pacman.extension.org

THANKS!!
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