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What do we know and how do we manage?
Leaf Sampling and Critical Value Analysis in 

Orchard crops
(based on Ulrich and Hills @ UC Davis in 1950-70’s)

Composite leaf samples from well 
defined locations in tree

SW corner, non-fruiting, fully exposed 
•Observation of deficiencies in the 
field and estimation of critical 
nutrient levels (Beutel, Proebsting, 
Kester, Uriu, Weinbaum, Brown et 
al)

, g, y p
leaves

July/August values only
Typically 1 composite sample per 

management unit

•Field Validation (small scale and short 
term comparative trials and a few long 
term/multi-site yield based trials - N, K, 
B)

g

Existing Standards were based on

Limited field/yield trials (N, K, B) )

•Development of critical tissue 
standards, sampling protocols, 
fertilization recommendations.

y ( )
or,

Appearance of symptoms (P, S, 
Mg, Ca, Mn, Zn, Fe, Cu) 
oror,

Unknown (Ni, Cl, Mo)
Experience



Almond Grower Survey 2008

Patrick Brown, Cary Trexler, Sara Lopus, Maria Santibanez

How well are current nutrient management How well are current nutrient management 
guidelines understood, utilized and guidelines understood, utilized and 

i l t d?i l t d?implemented?implemented?
Focus Group Activity

45 leading Growers Consultants and University45 leading Growers, Consultants and University 
Representatives (FA, Extension, Govt.)

Random, balanced selection of 1,650 Almond Growers
558 responses (33% of industry) 

adequate to ensure +/- 5% margin of error

Almond is a $2  billion crop and California’s largest export crop.



On one of your typical almond orchards, how often are 
plant tissue samples collected? (Choose all that apply)plant tissue samples collected? (Choose all that apply)
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Do you think the University of California critical values 
d t t i l d ti it iare adequate to ensure maximal productivity in

almonds? 
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Apparently we are not as effective as we should be - Why?

Is the use of Plant Samples and the Critical Value orIs the use of Plant Samples and the Critical Value or 
Critical Range appropriate for Trees/Vines?

Early German agronomic work (1890’s), US development and adaptation (Ulrich & Hills 
- UCD) applied to trees at UC Davis and elsewhere (1950’s - present) and used 
worldwide with only modest new investigation.
In Agronomic crops, detecting and correcting deficiencies has historically been the 
central principle

Soil is depleted until a response is seen.
In trees prevention not correction is the goal of a good managerIn trees, prevention, not correction is the goal of a good manager.

Establishment of CV’s and monitoring nutrient status in trees is complex. 
Multi-year relationship between nutrition and yield spans many years
Distribution of nutrients in the perennial crops and fields is extremely variable. p p y
Adequate sampling is difficult.

Problems with implementation and interpretation (known, unknown and forgotten)
Incomplete and inadequate information.
Lack of ability to translate results to actions.
Realities of orchard design and management practice.



Effect of K on Yield in AlmondEffect of K on Yield in Almond
Nutrient InteractionsNutrient Interactions
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16.316.3
Problem with leaf sampling:  Sampling challenges.Problem with leaf sampling:  Sampling challenges.

19.1 - sun exposed19.1 - sun exposed

Shoot ZnShoot Zn 47.9 - shaded47.9 - shaded

water
sprout
water
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Standard Sample:  Fully Exposed nonStandard Sample:  Fully Exposed non--fruiting leaves in late summerfruiting leaves in late summer



Strong Yield InteractionsStrong Yield Interactions
High Nutrition is essential for High YieldHigh Nutrition is essential for High YieldHigh Nutrition is essential for High YieldHigh Nutrition is essential for High Yield

High Yield however depresses Leaf NutrientsHigh Yield however depresses Leaf Nutrients



MultiMulti--year Nutrient x Yield Correlations are year Nutrient x Yield Correlations are 
Strikingly Difficult to Interpret.Strikingly Difficult to Interpret.

Leaf Analysis: Problems and Challenges:Leaf Analysis: Problems and Challenges:

••Recommended protocols and CV’s are ‘soft’.Recommended protocols and CV’s are ‘soft’.

••Tissue sampling and yield determination errors  compromise Tissue sampling and yield determination errors  compromise 

utility of tissue sampling.utility of tissue sampling.

•• Confounding Factors (multiConfounding Factors (multi--element deficiencies, drought, element deficiencies, drought, 

disease)disease)disease)disease)

•• Clear interdependency between yield, nutrient demand and Clear interdependency between yield, nutrient demand and 

nutrient status; yield/nutrition and potential yield.nutrient status; yield/nutrition and potential yield.

•• Non linear, variable, multiNon linear, variable, multi--year relationship between yield and year relationship between yield and 

nutrient response.nutrient response.



The Most Immediate Problem With Our Use of The Most Immediate Problem With Our Use of 
Critical ValuesCritical ValuesCritical ValuesCritical Values

2.2

2.2 NO!!!!!NO!!!!!
if field average K Concentration = if field average K Concentration = 
1 7% then 50% of the field is by1 7% then 50% of the field is by

2.0
1.8

1.7%, then 50% of the field is, by 1.7%, then 50% of the field is, by 
definition,  deficient.definition,  deficient.
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K Variability and Optimization
in Almond

Leaf samples collected from 50 tree rows.

Potassium leaf values, horizontal line indicates UC deficiency threshold 
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Alternate Approaches to NutrientAlternate Approaches to Nutrient 
Management in Trees

Nutrient Budgets (EU Model) I=D x E

Replacing nutrients removed from the orchard or vineyard, minimizing non-crop 
exportexport.

Essential Components and Challenges:
– Demand

A l D d d V i bilit• Annual Demand and Variability
• Seasonal patterns of demand and uptake

– Inputs and losses
• Fertilizer 
• Irrigation
• Soil Mineralization (timing and quantity, environment and management interactions) 
• Storage in perennial tissues
• Leaching, Volatilization
• Cover Crops/Manures, Atmospheric Deposition, Crop residues.

– Efficiencies and Interactions
• Synchronization and synlocation
• Source and method of applications
• Other determinants



Nutrient Demand: Whole tree Nutrient Demand: Whole tree 
Harvesting: Harvesting: 

5 mature trees x 5 times in a year5 mature trees x 5 times in a year



Whole Tree N Contents by Organ in 
Almond.

3000

N 2500

3000
H
a
r

The scale of nutrient 
demand is determined 

by Yield. content 1500

2000 v
e
s
t

UptakeUptake

by Yield.

The ability to predict yield 
and fertilize accordingly ts (g)

1000

1500

roots
trunk

t
g y

would greatly improve 
management 

0

500 canopy
leaves
fruit

Excavation Date
3/20 5/20 8/29 9/29

0
2/20



Almond
i i i hi h dVariation within orchard

Fresh weightsg



Pistachio Yield Monitor: UC Davis and Paramount Farming Company

Uriel Rosa (BioAgEng)



Yield is not uniform in any field.
Yield of 10,040 trees Pistachio trees (40 ha)



Interpolated yields Pistachio 2002-7
(data from individual tree yields of 4,500 - 9,652 individuals)
Circles represent rough areas of disproportionate yield contribution.

2002 89lbs 2005 95lbs

p g p p y

2003 73lbs 2006 15lbs

3 yr total = 211 lbs/tree3 yr total = 211 lbs/tree 3 yr total = 215 lbs/tree3 yr total = 215 lbs/tree3 yr total = 211 lbs/tree3 yr total = 211 lbs/tree 3 yr total = 215 lbs/tree3 yr total = 215 lbs/tree

2004 49lbs 2007 105lbs



Managing for Annual Yield NManaging for Annual Yield N.
Requires Yield Estimate (April) or Yield Model

1.2 Current annual 
Fertilizer N Rate (0.9 

Yield 
per

1.0

0.8

(
kg/tree) 

per 
tree 
(kgs)

Nitrogen export per 
tree (kgs)

0.6

0.4

0.2

0.0

93,000 lbs 
UAN32UAN32 
saved.



2002: Precision Harvested Pistachio
Yield Determined mechanically on each of 10,000 trees 

>5,000 lbs <2000 lbs

40 acres =6,850 lb N 40 acres= 3,200 lb N

Difference in real N demand = 3,650 lb NDifference in real N demand  3,650 lb N 
Difference in profit = $240,000

3000 lb x 40 acres x $2lb 

Is it worth an extra tissue sample and 
management cost?



Influence of Precision Management ofInfluence of Precision Management of 
Fertilizer Losses – first steps.
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Pattern Recognition and YieldPattern Recognition and Yield 
Estimation in Pistachio.

Whole field yield has been 
successfully modeled (+/- 30%) 
based on:

Whole Field Average
based on:

•Historic yield
•Climate

•Chilling hours, heat 
units, weather 
anomalies.

•Early season predictors
•Sampling 
procedures
•Remote sensing

Individual Tree Yield
Remote sensing

Individual tree determination 
remains more challenging:

•Sub populations of trees 
l l i tclearly exist

•Biological basis for yield 
fluctuation is not well 
understood.



Chaos Dynamics, non linear modeling and the Prediction of Chaos Dynamics, non linear modeling and the Prediction of 
Yield in Satsuma MandarinYield in Satsuma Mandarin

Kenshi Sakai, Tokyo University of Agriculture and Technology

Off year tree On year tree



Estimation of Jaccobian dynamics from 
ensemble data set of 96 individuals over 5 years.
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Measuring and understanding spatial variability appears 
to be much more difficult.

2002 89lbs 2005 95lbs

2003 73lbs 2006 15lbs

3 yr total = 211 lbs3 yr total = 211 lbs 3 yr total = 215 lbs3 yr total = 215 lbs3 yr total = 211 lbs3 yr total = 211 lbs 3 yr total = 215 lbs3 yr total = 215 lbs

2004 49lbs 2007 105lbs



Orchard yield variability compromisesOrchard yield variability compromises 
research and inference

Statistical power and model assumptions

•In off-years yield is not normally 
distributed.distributed.

•There is significant auto-correlation 
within and between years and the 
degree of auto-correlation varies 
with yield.

•These two observations essentiallyThese two observations essentially 
invalidate traditional statistical 
procedures.



Testing Experimental Designs 
f O h d R hfor Orchard Research



Testing Experimental Designs for Orchard 
ResearchResearch

(N=81)

Row 
B d C l t Bl kBased 
RCB 

Treatments

Complete Block 
Designs

Completely 
Random 

Replication

Constrained 
Random 

Replication



Nutrient Use Efficiency of 4820 Individual 
Tree over 6 YearsTree over 6 Years. 

(Fertilizer application per tree / Nutrient Export per tree (nuts)

NUE= 0.58 NUE= 0.33NUE= 0.48
Three Concerns:Three Concerns:

Economics: Fertilizer Wasted, Markets Economics: Fertilizer Wasted, Markets 
LostLost

NUE 0 71NUE 0 1NUE= 0 64

Interactions: Nutrient balance, pest and Interactions: Nutrient balance, pest and 
diseasedisease

NUE= 0.71NUE= 0.1NUE  0.64

Environment: Nitrogen Contamination of Environment: Nitrogen Contamination of 
Ground WatersGround Waters

Nit idNit id G H GG H GNitrous oxide Nitrous oxide –– Green House GasGreen House Gas



Re-evaluating Crop Nutrient 
M t I Li ht Of S ti lManagement In Light Of Spatial 

Variability in Orchard Crops
The high value and long life of perennial systems, the inadequacy of current 
practices, the willingness of industry to adopt technology and above all, the 
environmental and market demands for better management practices, represents an 
ideal opportunity to re-examine and re-invent our approach to nutrient management 
in high value crops.

This Requires:This Requires:

•Yield Measurement and Prediction – Integrated mathematical, biological, engineering and 
ecological approaches.

•Determination of Spatial Variability - Statistical and geo-statistical tools, sampling and sensing 
t h l i i d i t l d itechnologies, improved experimental designs.

•Improved Fertilizer Efficiency - Agronomic and physiological experimentation to optimize rates, 
timing, formulation.

•New Management Tools – Rapid yield and nutrient measurement techniques. New approaches g p y q pp
to precision application -sub sector fertigation to single tree fertigation; VR devices and materials 
(surface/liquid)

•Design and extension of flexible and easy to use decision support systems.




