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For 15 years, the California Department of Food 
and Agriculture’s (CDFA) Fertilizer Research 
and Education Program (FREP) has presented 
its pioneering fertilizer research at annual 
conferences. Last year, FREP collaborated for 
the first time with the Western Plant Health 
Association (WPHA) to create a new conference 
concept that balances the precise with the 
practical. The success and attendance was 
unprecedented. It was an easy decision for 
the two organizations to join resources again 
and offer another integrated agenda this year. 
Aptly titled, “Fresh Approaches to Fertilizing 
Techniques,” this 2008 event combines the 16th 
Annual FREP Conference with WPHA’s Central 
Valley Regional Nutrient Seminar.

Over two full days, a panel of speakers expresses 
how groundbreaking fertilizer research can be 
incorporated into agricultural methods. Presenters 
provide general and technical information, current 
research data and practical applications for four 
key agricultural topics: managing micro- and 
macronutrients; keeping nutrients in their place; 
understanding organic fertilizer; and managing 
nutrients of regional crops.

Agricultural consultants, advisors, governmental 
agency and university personnel benefit from the 
findings, and in turn pass them on to growers. 
FREP’s commitment to outreach and education 
continues, constantly seeking new ways to render 
research results and recommendations more 
useful and accessible to a broad audience of 
agricultural professionals.

The technical summaries of findings from FREP 
projects presented during the conference are 
summarized in these proceedings

CALIFORNIA DEPARTMENT OF FOOD & AGRICULTURE

Fertilizer Research and Education Program

FREP OVERVIEW

The Fertilizer Research and Education Program 
(FREP) funds and coordinates research 
to advance the environmentally safe and 
agronomically sound use and handling of 
fertilizer materials. FREP serves a wide variety of 
agriculturalists: growers, agricultural supply and 
service professionals, university extension and 
public agency personnel, consultants, including 
certified crop advisers (CCAs) and pest control 
advisers (PCAs), and other interested parties.

FREP was established in 1990 through legislation 
with support from the fertilizer industry. The 
California Food and Agricultural Code Section 
14611(b) authorized a mill assessment on the 
sale of fertilizing materials to provide funding 
for research and education projects that 
facilitate improved farming practices and reduce 
environmental effects from the use of fertilizer. 
The mill assessment generates approximately $1 
million per year for fertilizer research. 

The Fertilizer Inspection Advisory Board’s (FIAB) 
Technical Advisory Subcommittee (TASC) guides 
FREP activities. This subcommittee includes 
growers, fertilizer industry professionals, and 
state government and university scientists. 

FREP COMPETITIVE  
GRANTS PROGRAM

Each year, FREP solicits suggestions for research, 
demonstration, and education projects related to 
the use and handling of fertilizer materials. FREP 
strives for excellence by supporting high quality 
research and education endeavors that have 
gone through a rigorous statewide competitive 



8

16TH ANNUAL CDFA FERTILIZER RESEARCH & EDUCATION PROGRAM CONFERENCE
Introduction

process, including independent peer review. 
The TASC reviews, selects and recommends 
to the FIAB funding for FREP research and 
education projects. Beginning with 2009, one or 
two assigned TASC members will steward each 
research project through completion, following 
the progress of the project and reviewing the 
required reports.

The growing concern of nitrate contamination 
in ground and surface water from fertilizer use 
was FREP’s initial research focus. In recent years, 
FREP’s research funding has expanded to include 
agronomic efficiency in the management of 
nutrients. 

The FREP TASC has laid out specific research 
priorities for 2009, which center on themes of 
fertilizer efficiency and effectiveness:

• Updating nutrient requirements

• Improving fertilizer efficiency in drip irrigated 
micro-irrigation systems

• Increasing fertilizer efficiency through cost-
benefit analysis

• Devising innovative techniques to improve 
fertilizer use efficiency

Additional FREP research area goals include the 
following: 

• Crop nutrient requirements — determining 
or updating nutrient requirements to improve 
crop yield or quality in an environmentally 
sound manner. 

• Fertilization practices — developing 
fertilization practices to improve crop 
production, fertilizer use efficiency or 
environmental impact. 

• Fertilizer and water interactions — developing 
and extending information on fertigation 
methodologies leading to maximum 
distribution uniformity while minimizing 
fertilizer losses.

• Site-specific fertilizer technologies — 
demonstrating and quantifying applications for 
site-specific crop management technologies and 
best management practices related to precision 
agriculture.

• Diagnostic tools for improved fertility/fertilizer 
recommendations — developing field and 
laboratory tests for predicting crop nutrient 
response that can aid in making fertilizer 
recommendations. 

• Nutrient/pest interactions and nutrient/growth 
regulator interactions — demonstrating or 
providing practical information to growers 
and production consultants on nutrient/pest 
interactions.

• Education and public information – creating 
and implementing educational activities 
that will result in adoption of fertilizer 
management, practices and technologies that 
improve impaired water bodies. Types of 
activities include: 

• On-farm demonstrations that demonstrate to 
growers improved profitability, reduced risk 
or increased ease of management. 

• Programs to educate growers, fertilizer 
dealers, students, teachers, and the general 
public about the relationships between 
fertilizers, food, nutrition, and the 
environment. 

• Preparation of publications, slide sets, 
videotapes, conferences, field days, and other 
outreach activities. 

• Additional areas that support FREP’s mission, 
such as air quality, tillage, crop rotation, 
economics of fertilizer use, and cropping 
systems.

Growers care and have a vested interest in 
maintaining the viability of the resources 
that make farming possible and so successful 
here in California. We at CDFA/FREP are 
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Figure 2
FREP Projects by Discipline 1991-2008

Figure 1
FREP Projects by Geographic Region 1991-2008

Figure 3
FREP Projects by Commodity 1991-2008
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These figures illustrate the variety of geographical regions, disciplines 
and commodities covered by FREP projects during the past 18 years.
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keenly interested in funding new projects that 
offer farmers alternative methods to address 
environmental issues and regulations.

Funding is generally limited to $50,000 per 
year for up to three years; however, large, multi-
disciplinary projects may be considered at higher 
funding levels. 

FREP EDUCATION AND OUTREACH

One of FREP’s key goals is to ensure that 
research results generated from the program 
are distributed to, and used by, growers and the 
fertilizer industry.

This is reflected in significant support (16%) to 
relevant education and outreach projects (Figure 
2). FREP has also funded a number of projects 
designed to increase the agricultural literacy of 
students in K-12. 

Proceedings from past annual conferences, 
videos, DVDs, and pamphlets on various topics 
relating to fertilizing techniques are available 
to interested members of the agricultural 
community at low or no cost by contacting the 
FREP office.

FREP staff collaborates and coordinates with 
other organizations with similar goals to extend 
FREP research to agricultural advisors who in 
turn will convey findings to farmers. Our partners 
include: Western Plant Health Association, 
California Chapter of the American Society of 
Agronomy; California Certified Crop Adviser 
Program; University of California Cooperative 
Extension Program; University of California 
Sustainable Agriculture Research and Education 
Program; State Water Resources Control Board 
Interagency Coordinating Committee; and 
Monterey County Water Resources Agency.

We are always interested to hear how we can 
improve FREP services and activities. We 
encourage you to complete the conference 
evaluation form and contact us any time to offer 
your suggestions.
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Wednesday, November 12, 2008

8:30–9:00	 Registration and continental breakfast

9:00–9:15	 Welcome 
	 Nate Dechoretz, Director, Inspection Services Division, CDFA
	 Renee Pinel, President/CEO, WPHA

	 Facilitator
	 Amrith Gunasekara, CDFA

MANAGING MICRO- AND MACRONUTRIENTS

9:15–9:45	 When Do We Need Micronutrients?
	 Mike Buttress, A&L Western Agricultural Laboratories
	 Keith Backman, Dellavalle Laboratory, Inc.

9:45–10:15	 Comparing Sources of Micronutrient Fertilizers
	 Eric McGee, Bio-Gro, Inc.

10:15–10:30	 Break

10:30–11:00	 Getting the Best Plant Uptake of Micronutrients — Foliar- and Soil-Applied
	 Sebastian Braum, Yara North America

11:00–11:30	 Finding the Most Cost-Effective Way of Getting Zinc into Peach and Pistachio Trees
	 R. Scott Johnson, UC Kearny Ag. Center

11:30–Noon	 Optimizing Nitrogen Availability in Cherry Growth to Obtain High Yield and Fruit Quality
	 Kitren Glozer, UC Davis

Noon–1:00	 Lunch

KEEPING NUTRIENTS IN THEIR PLACE

1:00–1:30	 How Do I Deal with Irrigation Run-off Water Quality Problems?
	 Larry Schwankl, UC Kearney Ag. Center

1:30–2:00	 Exploring New Technologies for Increased Efficiency of Phosphate Fertilizers
	 Eric Ellison, J.R. Simplot Company

2:00–2:30	 Developing Practical Fertility Monitoring Tools for Tomatoes
	 T.K. Hartz, UC Davis

2:30–2:45	 Break

2:45–3:15	 Using Site-Specific Fertilizer Applications in Orchards, Nurseries and Landscapes
	 Mike Delwiche, UC Davis

3:15–3:45	 Balancing Fertilizer Application Rates with Water Quality  
	 Protection in Strawberry Production
	 Tom Lockhart, Cachuma Resource Conservation District

3:45–4:00	 Concluding remarks
	 Amrith Gunasekara

Conference Program
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	 Larry Bettiga, UCCE, Monterey, Santa Cruz and San Benito Counties

1:30–2:00	 Optimizing Nutritional Management in Almond and Pistachio Production
	 Patrick Brown, UC Davis

2:00–2:30	 Keeping Up with Nutritional Requirements of Rice in a Changing Industry
	 Chris Greer, UCCE, Sutter, Yuba, Sacramento and Placer Counties

2:30–2:45		 Break
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INTRODUCTION

Zinc (Zn) deficiency is a major concern in 
California fruit and nut orchards. Peach has been 
identified as particularly prone to this disorder. 
The problem is so widespread that foliar Zn 
sprays are applied on a routine basis even when 
no deficiency symptoms are observed. Rates 
of application can be very high, especially in 
pistachio orchards where recommendations of 40 
lbs zinc sulfate/acre have been published. Since 
only a small fraction of the applied amount is 
needed to correct a deficiency, most of the Zn is 
simply wasted. This is both a financial burden on 
the grower (especially since early 2006 when zinc 
prices skyrocketed) and also an environmental 
problem that is not easy to remedy. Zinc is a 
heavy metal that will slowly build up in the soil 
and can eventually become a contaminant. Thus 
there is a great need to improve the efficiency of 
zinc foliar sprays. 

In our previous FREP project that ended in 2007 
(see 2007 FREP proceedings) we tested many 
different approaches of supplying Zn to fruit and 
nut trees. We concluded that foliar applications 
had the greatest potential for improving Zn uptake 
efficiency in the short term. Using a labeled 68Zn 
isotope, we were able to show that 2% to 8% of 
foliarly applied Zn was taken into permanent 
structures of the tree. Most of these studies were 
conducted with zinc sulfate and experiments to 
compare other formulations without the 68Zn 
label were unsuccessful due to high variability. 
Patrick Brown has demonstrated differences 
among formulations using Arabidopsis as a test 
plant (see 2007 FREP proceedings). For peach 
and pistachio plants, we have concluded that the 
best way to detect differences among materials 
is by incorporating the 68Zn isotope into each 
formulation. Thus, the focus of this project will 
be on comparing the efficiency of different Zn 

Project Leader
R. Scott Johnson
Extension Specialist
UC Kearney Agricultural Center
9240 South Riverbend Avenue
Parlier, CA 93648
(559) 646-6547
sjohnson@uckac.edu

Cooperator
Robert H. Beede
Farm Advisor
UC Cooperative Extension,  
Kings County
680 North Campus Drive, Suite A
Hanford, CA 93230
(559) 582-3211, ext. 2737
bbeede@ucdavis.edu

Cooperator
Kevin Day
Farm Advisor
UC Cooperative Extension,  
Tulare County
4437-B S. Laspina Street
Tulare, CA 93274
(559) 685-3309 Ext. 211
krday@ucdavis.edu

Cooperator
Patrick Brown
Professor of Plant Science
Department of Plant Sciences
University of California
One Shields Avenue
Davis, CA 95616
(530) 752-8474
phbrown@ucdavis.edu

Supporter
Lawrence Marais
Monterey AgResources
P. O. Box 35000
Fresno, CA 93745
(559) 430-4366
lmarais@montereyagresources.com

Finding the Most Cost-Effective 
Way of Getting Zinc Into Peach 
and Pistachio Trees
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formulations, first on greenhouse seedlings and 
eventually in commercial orchards in the field. 
The 68Zn label will be used when necessary to 
show differences.

PROJECT OBJECTIVES

1	 To incorporate the 68Zn isotope into some 
commonly used zinc formulations such as 
sulfate, EDTA chelate, oxide, amino acid or 
poly amine complex, citrate, lignosulfonate, 
fulvic acid, neutral-52%, nitrate etc.

2	 To test the foliar uptake efficiency of these 
formulations on peach and pistachio 
seedlings with and without different types of 
surfactants.

3	 To treat young peach and pistachio trees with 
68Zn in the field, using the best treatments 
from objective 2.

4	 To test the most efficient Zn treatments in 
commercial peach and pistachio orchards. 

PROJECT DESCRIPTION AND RESULTS

Working with the chemist at Monterey 
AgResources, we were able to incorporate the 
68Zn label into a Zn EDTA formulation by June 
2008. Soon after, we conducted an experiment 
comparing 68Zn EDTA with 68Zn sulfate on peach 
seedlings in the greenhouse. The Zn analyses 
have not yet been completed by the Zn isotope 
lab. We also conducted several experiments 
comparing 68Zn oxide with 68Zn sulfate. These 
trials included two on peach seedlings in the 
greenhouse and two more on grafted nursery 
trees. All four experiments demonstrated that 
Zn sulfate is considerably more efficient than Zn 
oxide at supplying Zn to peach trees, whether 
applied to green leaves or to dormant wood. 
The 68Zn label will be incorporated into other 
formulations as particularly interesting or 
effective materials are identified.

Significant progress was made in our procedure 
for testing Zn formulations, without the 68Zn 

label, on peach seedlings growing in the 
greenhouse. It took two failures and a partial 
success before a reliable protocol was developed. 
In our first experiment, plants were low in Zn (12 
ppm) but no deficiency symptoms were present. 
Different Zn formulations failed to show any 
improvement in growth or an increase in Zn 
concentration in any organ when compared to 
untreated control plants. 

For the second experiment we made an effort 
to induce distinct deficiency so the symptoms 
could be relieved with Zn treatments. These 
plants tested extremely low in Zn (four ppm) 
but treatments showed no improvement in Zn 
concentration. However, there was an indication 
of some increase in certain growth parameters 
compared to untreated controls. We found 
growth in overall plant height was little affected 
by Zn treatments, but growth of lateral shoots 
was. In this experiment, all the Zn formulations 
(sulfate, EDTA, nitrate, amino acid complex and 
leonardite) increased lateral shoot growth by an 
average of 40% over untreated control plants. 
Unfortunately, there was substantial variability 
among plants so no statistical differences could 
be shown. 

With a third experiment to tweak the procedure, 
the following protocol has been developed: First, 
many extra plants are grown, so only the most 
deficient are used. All are grown in sand and 
cotyledons are removed shortly after emergence 
to cut off supplies of stored Zn. Plants are then 
tipped to induce branching and irrigated with 
a 10% Hoagland solution. Once the plants are 
between one and two feet in height and have 
many short lateral shoots with very narrow leaves 
(typical Zn deficiency symptoms), they are ready 
for treatment. 

In July 2008, we conducted a successful 
experiment following this procedure. The 
formulations tested were Zn sulfate, Zn EDTA, 
neutral Zn – 52% (combination of Zn oxide and 
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Zn sulfate), Zn leonardite and Zn polyamine, all 
applied foliarly. We also added a root-supplied 
treatment for comparison. After 20 days of 
growth, the plants were harvested and multiple 
measurements taken. Several measurements 
showed significant treatment effects, but the 
most sensitive was total leaf area on lateral 
shoots (Table 1). This parameter separated 
the treatments into two distinct categories. 
All treatments were significantly better than 
the untreated controls, but Zn sulfate and Zn 
polyamine were clearly better than the others. 
These materials also increased Zn concentration 
in new growth but not as much as the root 
supplied treatment.

Plans are underway to test more materials, 
especially those showing good results in Patrick 

Brown’s Arabidopsis test and other interesting 
formulations (inexpensive, showing low 
phytotoxicity etc.). We will also try to induce 
Zn deficiency symptoms in pistachio seedlings 
growing in sand so a similar protocol can be 
followed. 

CONCLUSIONS

This project is just underway, but results so far 
show that zinc sulfate, one of the least expensive 
formulations of Zn, is also one of the most 
efficient materials for supplying peach trees 
with this nutrient. Future work will continue to 
compare other formulations and will also test 
some of the same materials on pistachio. By the 
third year of the project we plan to evaluate the 
best formulations in commercial orchards.

Table 1.
Response of Zn deficient peach 
seedlings to foliar application of 
different formulations containing Zn 
compared to an untreated control 
and a treatment receiving Zn to 
roots through the irrigation water.

* Values in rows followed by different letters are significantly different from each other at p = 0.05. Rows with no letters are 
not significantly different.

Treatments

Foliar Zn Formulations

Parameter Untreated 
Control

Zn to Roots Sulfate EDTA Neutral 52% Leonardite Polyamine

Plant height 
(cm)

57.5      57.8   53.1 56.1       56.3      53.7       54.9

Primary leaf 
area (cm2/leaf)

       5.8 b*        8.5 a     8.9 a     9.1 a         8.6 a        8.8 a         8.6 a

Lateral shoot 
length (cm)

   82.0 c    129.4 ab 142.5 a 120.0 b     122.3 b    124.8 ab     143.0 a

Lateral leaf area 
(cm2/plant)

   65.7 c    178.1 b 273.6 a 159.6 b     159.0 b    188.9 b 241.1 a

Zn concentration 
in new growth 
(ppm)

     8.1 d      18.0 a   12.4 b     8.8 d         9.9 cd        9.7 cd       11.0 bc
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INTRODUCTION

Average sweet cherry yields in California (~3.4 
tons/acre) are typically less than those in the 
Pacific Northwest (~5.5 tons/acre), due partly to 
insufficient chilling in some years and excessive 
vigor that promotes vegetative growth at the 
expense of reproduction. It is unlikely that 
current standard fertilization practices—soil-
applied nitrogen (N) just after harvest—supply N 
in the most optimal, demand-driven timing (i.e., 
to meet reproductive needs without excessively 
promoting vegetative growth), nor is the standard 
practice of leaf analysis in midsummer likely to 
be a good indicator of N needs for subsequent 
season reproductive growth.

Sweet cherry bears primarily on two-year and 
older fruiting spurs and has a short bloom-to-
ripening period for fruit development. This 
differs from most fruit crops, which impacts 

Optimizing Nitrogen Availability in 
Cherry Growth to Obtain High Yield 
and Fruit Quality

Project Leader 
Kitren Glozer
Associate Project Scientist 
Department of Plant Sciences
University of California 
One Shields Avenue
Davis, CA  95616
(530) 754-4096
kglozer@ucdavis.edu

Project Leader
Joe Grant
Farm Advisor
UC Cooperative Extension, San Joaquin 
County
2101 East Earhart, Suite 200
Stockton, CA  95206
(209) 953-6115
jagrant@ucdavis.edu

Project Leader
Gregory Lang
Professor
Department of Horticulture
Michigan State University
Plant and Soil Sciences Building
East Lansing, MI  48824
(517) 355-5191, ext. 1388
langg@msu.edu

Cooperator
Steve DaValle
Grupe Operating Company
3255 West March Lane, Suite 400
Stockton, CA  95219 
(209) 368-3314
sdavalle@grupe.com

Cooperator
Lawrence Sambado
Prima Frutta Packing
P.O. Box 419
Linden, CA  95236
(209) 931-2568
primav2@attglobal.net

the timeframe for nutrient demand from the 
developing fruit as well as from the spur (vs. 
shoot) leaf populations that are critical for 
support of fruit growth. Consequently, cherry 
growers know little about efficiently supplying 
demand-driven nutrients, of which nitrogen 
is the most critical, and thus rely primarily on 
practices adopted from peach, almond, or apple 
orchard management. Furthermore, due to the 
higher chilling requirements of cherry than 
peach or almond, dormancy-breaking treatments 
in winter often are applied that further impact 
nutrient (particularly N) storage in, and demand 
by, tissues and organs. There is some indication 
that fall foliar application of urea may help 
hasten cold acclimation and reduce the incidence 
of bacterial canker in sweet cherry. Thus, 
nutritional studies in other tree crops, such as 
almond, do not provide optimal benchmarks for 
sweet cherry. For example, differences between 
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cherry and almond that impact nitrogen usage 
include potential spur lifespan (1-3 years in 
almond, much longer in cherry), extensive 
vegetative growth in cherry throughout the 
growing season, and leaf metabolism that 
appears to be nitrogen level-dependent in cherry 
and not in almond.

Our project will identify the periods of N 
demand by key cherry tissues (fruiting spurs vs. 
shoots) as well as N stores for spring growth, 
and examine the potential to optimize N supply 
efficiency via soil vs. foliar applications and 
timings. It will include the interactive effects of 
dormancy-breaking treatments that contain N 
as a component, such as CAN-17 and KNO3. 
Observations on sweet cherry and peach indicate 
that the type of nitrogen source used to break 
dormancy may have carryover effects from year 
to year in timing of bloom, fruitfulness, and the 
balance of reproductive to vegetative growth. 
This project will investigate the potential to 
use appropriately timed analysis of spur N as a 
diagnostic measure of adequacy for subsequent 
reproductive growth (vs. mid-summer leaf 
analysis of N as a measure of adequacy for 
current vegetative growth).

OBJECTIVES

1 	 Quantify the seasonal pattern of N 
partitioning to sweet cherry tissues as 
influenced by soil and foliar applications, 
formulations, timing, and rootstock.

2 	 Determine the relationship of fruiting spur 
N reserves to subsequent spring spur leaf 
development, fruit set, and fruit growth 
potential.

3 	 Determine the impact of fall dormancy-
inducing and late winter dormancy-breaking 
treatments on fruiting spur N reserves and 
early spring growth demand for N.

4 	 Develop recommendations to balance soil 
and foliar N application methods (timing 

and rates) to optimize annual fruit yields and 
quality while minimizing excessive vegetative 
growth.

PROJECT DESCRIPTION

Three experimental orchards were selected by 
rootstock (Orchards 1-3) and location (Orchards 
1 vs. 2 and 3; 2 and 3 in same location). All were 
planted in 1998 and all are ‘Bing’ as the scion 
cultivar. Orchard 1 is on P. mahaleb seedling 
rootstock near Lodi on Acampo Sandy Loam soil; 
trees are planted at 13’x 18’ spacing (186 trees 
per acre). Orchards 2 and 3, located near Linden, 
are, respectively, on dwarfing clonal rootstock 
Gisela 6 (P. cerasus x P. canescens) and Mazzard 
(P. avium) seedling rootstock. Soil at Orchards 
2 and 3, which are in adjacent blocks, is Cogna 
Loam. Orchard 2 is planted at 14’ x 17’ (183 
trees per acre), and Orchard 3 is planted at 12’ 
x 16’ (227 trees per acre). Trees at Orchard 1 are 
trained to a traditional open vase; Orchards 2 and 
3 to a ‘steep leader’ system with three primary 
scaffold branches. Ten nitrogen treatments (Table 
1) were assigned to each orchard with six trees 
per treatment in a randomized complete block 
design. Treatments were initiated during bloom 
and continued through the 2008 season. Foliar N 
treatments were applied by backpack mist-blower 
sprayer at a carrier volume (based on tree canopy 
volume) of 150 gallons/acre at Orchards 1 and 
3 and 75 gallons/acre at Orchard 2. By February, 
2009, an entire set of treatments will have been 
applied.

At present, we have collected dormant and 
growing spur and terminal shoot buds, young 
(fully-expanded, April) and mature (post-harvest 
in June, and September) spur and shoot leaves, 
and small fruits collected at 20 days after full 
bloom, prior to “pit-hardening” (Table 2). We 
identified the type of buds to be collected as those 
most representative of high seasonal demand, 
thus, the spur buds were those entering into the 
first year of bearing on two-year-old wood on 
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precocious mahaleb and Gisela 6 rootstocks and 
on three-year-old wood on Mazzard rootstock. 
Terminal buds from vegetative shoots were 
selected for tissue analysis. In each case, at least 10 
buds were obtained. Shoot and spur leaves were 
collected from the same types of shoots, at least 10 
leaves of each type.

At present, samples and data collected include 
N content from dormant and growing spur 
and vegetative buds (collected prior to and at 
“budswell” in February and March, respectively, 
and in September), young and mature spur and 
shoot leaves (April, July and mid-September), 
and small fruits collected at 20 days after full 
bloom (prior to “pit-hardening”). 

Phenological and productivity data, including 
full bloom date and duration of bloom, yield 
per tree, yield efficiency (yield/trunk cross-
sectional area), and fruit quality (size, firmness, 
maturity, Brix and fruit removal force, or “pull 
force”) were collected during the 2008 season. 
Trunk cross-sectional area (TCSA) was measured 
for vegetative growth, calculated from trunk 
circumferences taken at six inches above ground 
level in March and in October. Leaf area can be 
an indicative measure of vegetative growth and 
indirectly reflect N status. Leaf area was measured 
in April using digital image analysis (DIA) of leaf 
photographs (Bakr, 2005; O’Neal, 2002).  

Harvest for all orchards was a single “strip pick” 
on June 2 at Orchard 1 and June 6 at Orchards 2 
and 3. Samples of fruit were obtained at random 
from pickers’ bins and evaluated on the day 
following harvest for maturity, firmness, size, 
stem/fruit removal force (FRF) and soluble solids. 
Maturity was measured by color, as per picking 
and grading guidelines (CDFA and California 
Cherry Advisory Board). Only salable mature 
fruit were evaluated for quality, after a 100-fruit 
random subsample from bin-collected fruit was 
evaluated for spread in maturity (by six color 
grades). Fruit from Orchard 1 were separated 

visually into the six color grades of green, straw, 
colorbreak (change from straw to pink), light 
red, dark red, and mahogany color categories by 
four trained evaluators using California Cherry 
Advisory Board color reference cards. Because 
of grading inconsistencies among evaluators, a 
Minolta CR-10 colorimeter was used for grading 
fruit from Orchards 2 and 3, using the same 
color categories on the color cards as a reference. 
A protocol was developed to convert CR-10 
readings to the equivalent color grades. This 
protocol is similar to industry standards for cling 
peach (Slaughter and Crisosoto, 2006) and other 
commodity quality evaluation (Mitcham et al., 
1996). Where percentage of fruit is shown for the 
color grades in this report, grades “green” and 
“straw” are combined due to very low numbers 
of fruit in each of these grades at harvest. Once 
fruit was graded thus, a subsample of 50 salable 
(defect-free, light red to mahogany) fruit were 
selected and used for fruit firmness, size, fruit 
removal force (FRF) and Brix determinations. 
Firmness and size (BioWorks FirmTech II) and 
FRF (Imada digital force gauge) measurements 
were made on individual fruits; a single Brix 
value was determined using juice extracted from 
each 50-fruit subsample. 

RESULTS AND DISCUSSION

Nutrient analyses completed thus far showed no 
differences in total N content among treatments 
within each orchard and tissue type (Table 3), 
as might be expected for the early stages of 
treatment imposition. Analyses of mid-summer 
and September tissue samples have not yet 
been completed. In all orchards and treatments, 
percent N in both shoot buds and spur buds 
increased sharply from February to March with 
remobilization of stored nutrients at budbreak. 
April leaf and fruit N concentration was highest 
in all treatments at Orchard 2, which may be 
interpreted as being due to less tree volume 
(due to dwarfing rootstock) per unit of nitrogen 
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applied. Orchard 1 N values were intermediate 
and Orchard 3 had the lowest leaf and fruit N 
in April. The high vegetative vigor and large tree 
size at Orchard 3 may account for lower unit of N 
per tissue volume in all tissues. Nitrogen values 
for fruit from all orchards tended to be similar 
to that found in fully-expanded leaves, ranging 
from 2.9 to 4.4% N. No significant differences 
in N status were found within a particular organ 
(shoot bud, spur bud, leaf, or fruit) within a 
given orchard.

Shoot leaf size (Table 4) was greatest at Orchard 1, 
lowest at Orchard 3, and intermediate at Orchard 
2. Orchard 1 tree canopies are kept very open 
by annual removal of large and small limbs via 
heavy pruning, maximizing within–canopy light 
distribution. Leaf area was not different among 
treatments within an orchard, except at Orchard 
2, where leaf size also showed high variability 
among replicates. Spur leaf area and N content 
among the orchards showed similar patterns to 
shoot leaves, namely, the highest values were at 
Orchard 1, lowest at Orchard 3, and Orchard 2 
intermediate.

TCSA was lowest at Orchard 2, as expected with 
the dwarfing and highly productive rootstock 
at this site (Table 5). Seasonal changes in TCSA 
varied greatly among trees at each site, but there 
were no statistically significant differences in 
seasonal growth due to N treatment within each 
orchard. Such natural variability may require the 
cumulative increase in TCSA over the three year 
period of the trial to ascertain the affects of the 
treatments.

The duration and date of peak bloom — recorded 
as “baseline data” for comparing treatment 
effects in future years — were: 12 days and March 
24 at Orchard 1; and 11 days and March 26 at 
Orchards 2 and 3. 

At Orchard 1, fruit was mostly dark red and 
mahogany at harvest (Table 6). Post-bloom N 
(Treatments 8 and 10) slightly delayed maturity, 
as evidenced by a higher percentage of fruit at 

“colorbreak” (changing from straw to pink fruit), 
and fewer dark red fruit. Firmness (Table 7) and 
Brix (Table 8) did not vary among treatments at 
this site. FRF (Table 7) was slightly reduced in 
Treatment 8 and highest in Treatment 10, with no 
clear relationship to treatment when all indices 
of maturity are considered. Fruit size (Table 7) 
was significantly different by treatment (ranging 
from rowsize 9.7 to 10.1), but all averaged out to 
row size 10, thus no practical difference in fruit 
size was found; weight of 25 fruit corroborated 
this finding of no difference among treatments 
(Table 8). Yield per tree among the treatments 
imposed prior to harvest showed no difference, 
nor did yield efficiency (Table 8).

At Orchard 2, fruit maturity was not different 
among treatments: About half of all fruit were 
dark red, and most of the remaining fruit were 
evenly found in either light red or mahogany 
colors. Fruit firmness, size and soluble solids 
were not different by treatment; FRF was 
statistically different among treatments, with 
the highest FRF in fruit that had received no N 
(Treatment 1) and lowest in the post-bloom 
treatment. However, there was overlap with 
results from the bloom and combination 
bloom, post-bloom treatments, such that a clear 
relationship to treatment was not apparent. There 
were no differences among treatments in yield or 
yield efficiency. 

At Orchard 3, fruit maturity showed some 
statistical differences among treatments, with 
a higher percentage of fruit “salable” colors 
for Treatment 10, which had received both 
bloom and post-bloom treatments. There was 
no clear-cut treatment effect in any maturity or 
quality measure that clearly showed a treatment 
difference, even where statistical differences 
resulted. Yield and yield efficiency were not 
different among treatments.

Consequently, baseline data for each orchard has 
now been collected and it is expected that we will 
begin to see treatment differences as the full set 
of treatments is completed in the coming year.
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Table 1. 
Experimental nitrogen (N) fertilization treatments applied to ‘Bing’ (Prunus 
avium) sweet cherry at three orchards in 2008, comparing standard soil 
application (CaNO

3
 15.5%N) with reduced soil application supplemented with 

physiologically-timed foliarx applications, plus impacts of dormancy induction/
alleviation by nitrogenous compounds. Actual pounds N per acre shown; 
foliar applications of N are low-biuret urea (46% N) or PacificHort Grow Plus N 
(PHG+N, 15% ammoniacal N). Orchards vary by location (Lodi or Linden, CA) and 
rootstock (P. mahaleb, ‘Gisela 6’ or ‘Mazzard’ [both P. avium]).

x Calculated carrier volume for standard trees at Orchard 1 (Lodi) and Orchard 3 (Linden/Mazzard) = 150 gal/A; at Orchard 2 
(Linden/Gisela 6), carrier volume = 75 gal/A for smaller trees on dwarfing rootstock.

Treatmenty Soil N  
post-harvest 

Foliar pre-leaf 
fall

Foliar + Z
n
SO

4
 

pre-leaf fall 
(dormancy 
induction)

CAN17 
or KNO

3
 

(dormancy 
release)

Foliar at 
10-30% full 
bloom/petal 
fall (PHG+N)

Foliar post-
bloom

Timing June 23 Oct 20 + 27 Late Oct- 
early Nov

Jan-early Feb Mar 18 or 20 Apr 17

T1 90

T2 90 20#/acre each KNO
3
, 6% w/v

T3 90 20#/acre each CAN-17,  
25% v/v

T4 45 20#/acre each CAN-17,  
25% v/v

T5 45 25 + 20

T6 45 1.12

T7 45 25 + 20 1.12

T8 45 2.3

T9 45 25 + 20 2.3

T10 45 25 + 20 1.12 2.3



26

16TH ANNUAL CDFA FERTILIZER RESEARCH & EDUCATION PROGRAM CONFERENCE
Summaries of Presented FREP Research Projects

Table 2.  
Sampling of ‘Bing’ (Prunus avium) sweet cherry tissues at three orchards in 
2008 comparing standard soil application (CaNO

3
 15.5%N) with reduced soil 

application supplemented with physiologically-timed foliar applications, plus 
impacts of dormancy induction/alleviation by nitrogenous compounds.

Timing x Fruiting spur bud Shoot terminal bud Fruiting spur leaf Shoot leaf Fruit

Feb 28-Mar 1 X X

Mar 14-18 X X

Apr 11 X X X

July 17 X X

Sept 16 X X X X

Nov (late) – Dec (early) X X

xSamples from Feb-March, 2008 were from all trees/treatments; for harvest data only treatments imposed during and after 
bloom, through harvest were sampled, as no other subsequent treatments had been imposed until after harvest.

Table 3. 
Nitrogen content of ‘Bing’ (Prunus avium) sweet cherry tissues at three 
orchards in 2008 comparing standard soil application with reduced soil 
application supplemented with physiologically-timed foliar applications, plus 
impacts of dormancy induction/alleviation by nitrogenous compounds.

Orchard/
rootstock

%N, Feb %N, Mar %N, Apr

Buds Leaves
Fruit

Shoot Spur Shoot Spur Shoot Spur

Orchard 1/
mahaleb 
rootstock

1.6-1.7 1.6-1.7 2.2-2.5 2.9-3.2 2.9-3.0 3.0-3.2 3.2-3.4

Orchard 2/
Gisela 6 
rootstock

2.2-2.5 2.2-2.3 2.6-3.0 2.9-3.2 3.6-4.0 3.8-4.0 3.8-4.4

Orchard 3/
Mazzard 
rootstock

1.3-1.4 1.3-1.5 2.4-2.5 2.4-2.6 2.6-2.8 2.8-2.9 2.9-3.0
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Table 4. 
Leaf area (mm2) of ‘Bing’ (Prunus avium) sweet cherry at three orchards in 2008 
comparing standard soil application with reduced soil application supplemented with 
physiologically-timed foliar applications.  Fully-expanded leaves collected on April 11 
from actively growing vegetative shoots or spurs in first year of bearing.  Leaf digital 
images analyzed by ImageJ (vers.1.41b, http://rsbweb.nih.gov/ij/).

Orchard/rootstock and treatments Shoot Spur Shoot + spur 

Orchard 1: Lodi/mahaleb

Treatment 1 (90# N, soil-applied June 23) 677 a x 516 a 597 a

Treatment 6 (1.12# N bloom, 45# N, June) 672 a 489 ab 580 ab

Treatment 8 (2.3# N post-bloom, 45# N, June) 661 a 491 ab 576 ab

Treatment 10 (1.12# N bloom, 2.3# N post-bloom, 45# N, June) 658 a 484 b 571 b

Orchard 2: Linden/Gisela 6

Treatment 1 483 ab 369 a 426 a

Treatment 6 458 b 366 a 412 ab

Treatment 8 476 ab 318 b 397 b

Treatment 10 501 a 312 b 406 ab

Orchard 3: Linden/Mazzard

Treatment 1 181 a 159 a 170 a

Treatment 6 152 a 156 a 154 a

Treatment 8 158 a 154 a 156 a

Treatment 10 163 a 151 a 157 a

x Means in the same column and orchard with different letters differ by Duncan’s multiple range test at P < 0.05. 
y Treatments evaluated represented only those differing in nitrogen application through harvest period: Treatment 1 = no N 
preharvest, Treatment 6 = foliar N at bloom and petal fall as Pacific Hort Grow Plus N, Treatment 8 = foliar urea applied ~1 
month postbloom, Treatment 10 = bloom + petal fall + postbloom applications
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Table 5.
Vegetative growth as increase in trunk cross-sectional area (TCSA, in mm2) in 
‘Bing’ (Prunus avium) sweet cherry at three orchards in 2008, comparing standard 
soil application (CaNO

3
 15.5%N) with reduced soil application supplemented with 

physiologically-timed foliar x applications, plus impacts of dormancy induction/
alleviation by nitrogenous compounds. Actual pounds N per acre shown; foliar 
applications of N are low-biuret urea (46% N) or PacificHort Grow Plus N (PHG+N, 
15% ammoniacal N). Orchards vary by location (Lodi or Linden, CA, and rootstock 
[P. mahaleb, ‘Gisela 6’ or ‘Mazzard’ (both P. avium)].

x Mean separation within columns by Duncan’s multiple range test, P > 0.05.
Y Calculated carrier volume for standard trees at Lodi/mahaleb and Linden/Mazzard orchards = 150 gal/A; at Linden/Gisela 6 
orchard, carrier volume = 75 gal/A for smaller trees on dwarfing rootstock. Nitrogen shown as actual lb/acre in parentheses.

Orchard/rootstock
Lodi/mahaleb

Linden

Treatmenty Gisela 6 Mazzard

T1 CaNO
3
 soil June 23 (90#) 55.0 ax 32.2 a 42.2 ab

T2 CaNO
3
 soil (90#), 20# each urea + 

zinc sulfate early Nov, KNO
3
 6% w/v 

dormant

59.5 a 35.6 a 35.1 ab

T3 CaNO
3
 soil (90#), 20# each urea + zinc 

sulfate, 25% CAN-17
50.3 a 42.3 a 28.9 b

T4 CaNO
3
 soil (45#), 20# each urea + zinc 

sulfate, 25% CAN-17
61.7 a 25.9 a 44.9 ab

T5 CaNO
3
 soil (45#), 25 + 20# urea  

Oct 20 + 27
57.0 a 56.7 a 52.5 ab

T6 CaNO
3
 soil (45#), bloom + petal fall 

foliar (1.12#)
37.7 a 25.1 a 70.1 ab

T7 CaNO
3
 soil (45#), 25 + 20# urea 

Oct 20 + 27, bloom + petal fall foliar 
(1.12#)

61.6 a 40.6 a 72.3 ab

T8 CaNO
3
 soil (45#), foliar postbloom 

(2.3#)
58.3 a 32.5 a 53.3 ab

T9 CaNO
3
 soil (45#), foliar postbloom 

(2.3#), 25 + 20# urea Oct 20 + 27
49.5 a 29.8 a 47.1 ab

T10 CaNO
3
 soil (45#), bloom + petal fall 

foliar (1.12#), foliar postbloom (2.3#) 
25 + 20#, urea Oct 20 + 27

68.1 a 55.4 a 76.2 a
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Table 6. 
Effect of N fertilizer treatmentsz on fruit maturity (% fruit in given color) in 
‘Bing’ sweet cherry, 2008. Salabley fruit are defect-free, light red, dark red 
and mahogany as defined by Minolta CR-10 colorimeter and California Cherry 
Advisory Board color card.

Orchard/rootstock and 
treatments

Green Straw Color break Light red Dark red Mahogany Salabley

Orchard 1: Lodi/mahaleb

Treatment 1 (90# N, soil-
applied June 23)

1 a x    9 a 46 a  39 a  6 a 90 a

Treatment 6 (1.12# N 
bloom, 45# N, June)

1 a    4 a 45 a  46 a  4 a 95 a

Treatment 8 (2.3# N post-
bloom, 45# N, June)

4 a  28 a 47 a    8 b 12 a 68 a

Treatment 10 (1.12# N 
bloom, 2.3# N post-bloom, 
45# N, June)

6 a  15 a 45 a  30 ab   4 a 80 a

Orchard 2: Linden/Gisela 6

Treatment 1 0 a  22 a 47 a 31 a   0 78 a

Treatment 6 0 a  25 a 49 a 26 a   0 75 a

Treatment 8 0 a  18 a 50 a 32 a   0 82 a

Treatment 10 2 a  33 a 41 a 24 a   0 65 a

Orchard 3: Linden/Mazzard

Treatment 1 2 a  50 a  35 b 13 a  0 48 b

Treatment 6 7 a  37 ab  45 ab 11 a   0 56 ab

Treatment 8 1 a  45 ab  45 ab 9 a   0 54 ab

Treatment 10 0 a  25 b  65 a 10 a   0 75 a

x Means in the same column and orchard with different letters differ by Duncan’s multiple range test at P < 0.05. 
z Treatments evaluated represented only those differing in nitrogen application through harvest period.



30

16TH ANNUAL CDFA FERTILIZER RESEARCH & EDUCATION PROGRAM CONFERENCE
Summaries of Presented FREP Research Projects

Table 7. 
Effect of N fertilizer treatmentsz on fruit quality y (size, firmness, and fruit removal force 
[FRF, stem ‘pull force’]) in ‘Bing’ sweet cherry, 2008. Only salable fruit were tested 
(salable = defect-free, light red, dark red and mahogany by colorimeter and California 
Cherry Advisory Board color card).

x Means in the same column and orchard with different letters differ by Duncan’s multiple range test at P < 0.05.
y A ’10 row’ cherry has a diameter of ~1” and a ‘9 row’ cherry has a diameter of ~1.2”, thus larger number for rowsize = 
smaller diameter fruit.  Firmness measured by FirmTechII (BioWorks, Wamego, Kansas).  FRF measured by Imada DS2 digital 
force gauge.
z Treatments evaluated represented only those differing in nitrogen application through harvest period: Treatment 1 = no N 
preharvest, Treatment 6 = foliar N at bloom and petal fall as Pacific Hort Grow Plus N, Treatment 8 = foliar urea applied ~1 
month postbloom, Treatment 10 = bloom + petal fall + postbloom applications.

Orchard/rootstock and treatments Firmness (g/cm2) Rowsize FRF (g/cm2)

Orchard 1: Lodi/mahaleb

Treatment 1 (90# N, soil-applied June 23) 280 a x   9.7 a 626 ab

Treatment 6 (1.12# N bloom, 45# N, June) 281 a 10.0 b 606 ab

Treatment 8 (2.3# N post-bloom, 45# N, June) 285 a 10.0 b 580 b

Treatment 10 (1.12# N bloom, 2.3# N post-bloom,  
45# N, June)

278 a 10.2 c 641 a

Orchard 2: Linden/Gisela 6

Treatment 1 359 a   9.8 a 638 a

Treatment 6 361 a   9.8 a 579 bc

Treatment 8 339 a 10.0 a 541 c

Treatment 10 367 a   9.8 a 615 ab

Orchard 3: Linden/Mazzard

Treatment 1 310 ab   9.4 b 388 a

Treatment 6 286 c   9.3 a 347 b

Treatment 8 318 a   9.5 b 399 a

Treatment 10 304 b   9.6 c 381 ab
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Table 8. 
Effect of N fertilizer treatmentsy on yields and fruit quality in ‘Bing’ sweet cherry, 
2008; trunk circumference measured at start of growing season used to calculate 
yield efficiency (TCSA [trunk cross-sectional area]/yield).

Orchard/rootstock and treatments g/25 fruit Brix Yield/tree (kg) Yield efficiency

Orchard 1: Lodi/mahaleb

Treatment 1 (90# N, soil-applied June 23) 241 ax 17 a 48 a 0.094 a

Treatment 6 (1.12# N bloom, 45# N, June) 238 a 20 a 57 a 0.134 a

Treatment 8 (2.3# N post-bloom, 45# N, June) 246 a 20 a 50 a 0.100 a

Treatment 10 (1.12# N bloom, 2.3# N post-bloom,  
45# N, June)

224 a 19 a 60 a 0.107 a

Orchard 2: Linden/Gisela 6

Treatment 1 224 a 23 a 13 a 0.084 a

Treatment 6 235 a 24 a 16 a 0.093 a

Treatment 8 235 a 24 a 22 a 0.109 a

Treatment 10 228 a 25 a 16 a 0.084 a

Orchard 3: Linden/Mazzard

Treatment 1 243 b 21 a 27 a 0.068 a

Treatment 6 260 a 21 a 30 a 0.073 a

Treatment 8 248 ab 23 a 31 a 0.085 a

Treatment 10 239 b 22 a 27 a 0.071 a

x Means in the same column and orchard with different letters differ by Duncan’s multiple range test at P < 0.05. 
y Treatments evaluated represented only those differing in nitrogen application through harvest period.  
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INTRODUCTION

The conversion to drip irrigation is 
revolutionizing the California vegetable industry; 
at the current rate of conversion as much as 
half the acreage of the major fruiting crops 
will be drip-irrigated within five years. This has 
important ramifications for fertility management. 
The higher yield potential, and the ability to 
respond to changing nutrient demands, makes 
more intensive nutrient monitoring in drip 
culture both useful and economically justifiable.

Optimizing nutrient management with drip 
irrigation will require both a detailed knowledge 
of crop nutrient uptake patterns, and the ability 
to monitor and interpret in-season nutrient status 
in both soil and crop. Currently, insufficient data 
is available on crop nutrient uptake by growth 
stage for these important crops under high yield, 
drip-irrigated conditions. Nutrient monitoring 
has historically centered on preplant soil testing, 
and in-season whole leaf or petiole analysis. 

Developing Practical Fertility Monitoring 
Tools for Drip-Irrigated Vegetable Production

Project Leader
T.K. Hartz
Extension Specialist
Department of Vegetable Crops
University of California 
One Shields Avenue
Davis, California 95616
(530) 752-1738
tkhartz@ucdavis.edu

With the advent of widespread drip irrigation 
there is interest in exploring other approaches 
such as soil solution monitoring, or petiole sap 
analysis (for both macro- and micronutrients). 
Unfortunately, recent research from around the 
country has cast doubt on the reliability of these 
analytical tools as in-season fertigation guides. 
This project was undertaken to develop accurate 
nutrient uptake and partitioning data under high 
yield drip-irrigated conditions, and to provide 
a critical assessment of a range of crop and soil 
nutrient monitoring options.

OBJECTIVES

1	 Develop crop nutrient uptake and 
partitioning curves for drip-irrigated 
processing tomato across a range of field sites.

2	 Evaluate and calibrate practical soil and 
plant monitoring tools to guide fertility 
management.
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DESCRIPTION

2007

A drip-irrigated processing tomato trial was 
transplanted May 9 at University of California, 
Davis. Four fertility regimes were compared:

1	 Low N fertility

2	 Low P fertility

3	 Adequate N and P fertility 

4	 Excessive N and P fertility 

Each fertility regime was replicated three times; 
two common processing tomato varieties (AB2 
and Heinz 9780) were grown in all plots, in a 
split plot design. P fertility was manipulated by 
varying the preplant P application (from 0 to 
140 lb P2O5/acre). N fertility was manipulated by 
varying weekly fertigation amounts.

Beginning at early flower growth stage the 
plots were intensively sampled every two 
weeks for nutrient status, with the following 
measurements taken:

1	 Whole plant macro- and micronutrient content

2	 Whole leaf macro- and micronutrient 
concentration

3	 NO3-N, PO4-P and K concentration in  
petiole sap

4	 NO3-N, PO4-P and K concentration in dry 
petioles

5	 NO3-N, PO4-P, and K in plant xylem flow 
(collected by a pressure apparatus)

6	 Soil NO3-N and NH4-N in a composite 
sample of the top 8 inches of the wetted zone

7	 Soil NO3-N, PO4-P and K in soil solution 
collected in the field from suction lysimeters

8	 Soil NO3-N, PO4-P and K in soil solution 
collected by centrifugation of composite 
samples of the 0-15-inch depth in the wetted 
zone

The final sampling was done approximately a 
week prior to commercial harvest stage, when 
>85% of fruit was red.

In addition to the UC Davis trial, three 
commercial processing tomato fields in the 
Sacramento Valley were monitored. In each 
field three areas were monitored separately for 
replication. Four times during the season all 
the fertility measurements previously described 
were made; the last sampling was done 7-10 days 
before commercial maturity.

2008

The experiment at UC Davis was repeated with 
the same treatments, varieties and experimental 
design. Transplants were planted April 28. 
Seasonal N rate ranged from 103-286 pounds per 
acre, seasonal P2O5 rate from 0-140 pounds per 
acre. Additionally, three commercial fiel ds in the 
San Joaquin Valley were monitored. Five times 
during the season all the fertility measurements 
previously described were made; the last 
sampling was done approximately a week before 
commercial maturity.

RESULTS

Site and management details of all fields 
monitored are given in Table 1. Nutrient inputs 
were relatively consistent among the commercial 
fields, and bracketed the ‘adequate’ fertility 
treatment at UC Davis. All fields had relatively 
high total fruit yield, ranging from 45-71 tons 
per acre (Table 2); typically approximately 
90% of total fruit yield would be marketable. 
Plant vigor varied among fields, ranging from 
7,200-14,400 lb above-ground biomass/acre; 
fruit yield was highly correlated to biomass 
production (r = 0.92).

Analysis of 2008 samples continues, so nutrient 
uptake data is shown only for the 2007 fields. 
Total N uptake (vine and fruit) was similar in all 
2007 fields, averaging approximately 220 pound 
per acre. P and K uptake varied substantially 
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among fields, ranging from 25-34 pounds P 
acre and 159-319 pounds K per acre. Differences 
in P uptake were due primarily to P fertilizer 
application (all fields had reasonably low soil test 
P); differences in K uptake were primarily due 
to soil factors, since K fertilizer application was 
minimal in all fields.

The pattern of nutrient uptake through the 
season was similar in all fields; data from the UC 
Davis trial are illustrated in Figure 1. The majority 
of seasonal nutrient uptake occurred during the 
period between early fruit set and the ripening of 
early fruit (approximately Week 5 through Week 
11). In the final month of the season nutrient 
uptake rates decline substantially. At UC Davis, 
nutrient uptake rates peaked between 4-5 pounds 
of N, 0.6-0.8 pounds P and 6-7 pounds K per day 
in the “adequate” fertility treatment. Uptake rates 
in the “excessive” fertility treatment were only 
marginally higher; of the extra fertilizer applied 
in the excessive treatment beyond that applied 
in the “adequate” treatment, only approximately 
40% of the N and 10% of the P was taken up by 
the plant.

At UC Davis, fruit yield of the varieties responded 
differently to the nutrient regimes. AB2 showed 
less loss of yield with low N and P fertilization 
than did H9780 (Figure 2). AB2 was apparently 
more effective at recovering nutrients from the soil 
than was H9780, as evidenced by N and P uptake 
in the low fertility treatments being closer to that 
in the adequately fertilized plots (Figure 3).

Partitioning of nutrients between vine and 
fruit showed a consistent pattern (Figure 4). 
In all fields vine nutrient content peaked at 
about full bloom growth stage, and declined 
as fruits developed and ripened. Even in the 
excessively fertilized treatment at UC Davis, 
vine N/P/K content declined substantially as the 
fruit load developed. Not surprisingly, nutrient 
concentration in all vegetative tissues declined 
quickly after fruit bulking began. The rate of this 
decline varied among fields, particularly with 
respect to K.

Definitive conclusions about appropriate soil and 
plant monitoring techniques cannot be drawn 
until analysis of all 2008 samples is complete. 
However, based on 2007 data, it is clear that 
petiole analysis for unassimilated nutrients 
(NO3-N, PO4-P) is more highly variable than leaf 
analysis for total N and P. Petiole analysis alone 
is an insufficient basis on which to make future 
fertigation decisions. Similarly, the stratification 
of nitrate in the root zone of drip-irrigated fields 
makes collection of a representative soil sample 
difficult. Given the similarity of crop nutrient 
uptake patterns across fields, the most efficient 
approach to fertigation may be to employ a 
fertigation template based on that uptake pattern, 
to be modified for field-specific conditions such 
as preplant soil P and K levels, and the level 
of soil NO3-N present at the initiation of drip 
irrigation.
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Table 1.
Cultural detail and fertility rates for the UC 
Davis and commercial fields monitored.

 Seasonal fertilizer rate (lb/acre)

Year Field County Transplant date Variety N P
2
O

5
K

2
O

2007 UC Davis Yolo May 9 AB2, H9780

 Low N 63 70 0

 Low P 173 0 0

 Adequate 
fertility

173 70 0

 Excessive 
fertility

258 140 0

1 Yolo April 4 H2601 169 14 24

2 Yolo May 1 AB5 181 14 18

3 Yolo May 10 AB2 186 90 33

2008 UC Davis Yolo April 28 AB2, H9780

Low N 103 70 0

Low P 160 0 0

Adequate 
fertility

183 70 0

Excessive 
fertility

286 140 0

4 Fresno April 3 AB2 166 32 0

 5 Fresno April 16 H2401 196 67 0 

 6 Fresno April 19 H8004 214 53 0 

Table 2. 
Crop productivity and nutrient uptake 
in the monitored fields.

Biomass dry 
weight

Total fruit
yield

Biomass nutrient content
(lb/acre)

Year Field (lb/acre) (tons/acre) N P K

2007 UC Davisz 10,100 58 208 34 319

1 7,200 45 197 25 159

2 9,500 51 243 27 194

3 9,700 59 245 34 227

2008 UC Davisz 13,400 66 *   

4 10,300 51    

5 9,400 49    

6 14,400 71    

z Mean of AB 2 and H 9780 varieties, “adequate” nutrient regime.
* Analysis still in progress.
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Figure 1. 
Pattern of nutrient uptake 
over the growing season; 
mean of AB2 and H9780 
varieties grown at UC Davis, 
2007.

Figure 2. 
Effect of fertility treatment on 
total fruit yield at UC Davis, 
average of 2007-08 trials.
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INTRODUCTION

Demand for water and fertilizer across a field 
can vary greatly with location, indicating that 
uniform application rates are either wasteful or 
insufficient. To complicate matters, fertigation 
uniformity may be adversely affected by factors 
such as flow time through the pipes, fertilizer 
diffusion in the pipes, and emitter clogging.

We began considering these problems by 
developing a precision microsprinkler system 
for orchards under a previous FREP research 
project. Small valves located at each individual 
tree controlled the delivery of water and fertilizer. 
Recognizing that power and communication 
wires in the previously developed system would 
likely impede commercial adoption, we started 
development of a wireless network for site 

specific management. Wireless communication 
and solar power will eliminate the use of wires 
and will improve ease of installation and reduce 
problems associated with long-range wired 
communication and damage from animals and 
machinery. Larger valves will be used to control 
flow to multiple sprinklers or drip emitters 
(e.g., laterals) or smaller valves could control 
flow to individual plants or trees (e.g., each 
microsprinkler). Individual valve schedules will 
be different in order to match differing water 
and fertilizer requirements and can easily be 
changed to accommodate replants, disease, 
growth, or seasonal changes. Data from electrical 
conductivity, pressure, soil moisture, and flow 
sensors will allow intelligent water and fertilizer 
control, and automatic detection of line breaks 
and emitter clogging.

Using Site-Specific Fertilization in 
Orchards, Nurseries, and Landscapes
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OBJECTIVES

Variations in plant nutrient demand and 
environmental regulations provide significant 
incentive for development of fertigation systems 
that allow control of water and chemicals at a 
resolution smaller than the entire field or nursery 
block. Ease of installation and simplicity of 
operation suggest elimination of wires from the 
system. Therefore, our objectives in this research 
project are:

1	 Develop general operating strategies for 
spatially controllable fertigation to allow 
application of prescribed amounts of fertilizer 
at specific locations.

2	 Design a wireless valve controller network 
to simplify the implementation of precision 
fertigation.

1

2

3

4

5

6

n

Wireless
Modem

Field
Controller

Fertilizer Injector
Node

Valve Control
Node

Irrigation Line

Wireless
Modem

Personal
Computer
(optional)

Figure 1. 
Layout of mesh network for 
wireless valve control.

DESCRIPTION AND RESULTS

Wireless Design

Since this system was intended for application in 
orchards, landscapes, and nurseries, the wireless 
network had to be versatile enough to operate 
in many environments. Mesh networking allows 
messages to pass from one node to any other 
node in the network by routing them through 
intermediate nodes (Figure 1). One advantage of 
this system is increased network range without 
using high-power radios. This allows greater 
flexibility in node placement since interference or 
poor range between two nodes may be rendered 
moot by an alternate communication path. 
Another advantage is redundancy; a failed node 
does not disable the network since multiple 
routing paths exist. In the system presented here, 
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an operator enters node addresses and irrigation 
schedules on the central field controller and 
they are distributed to individual nodes in the 
network. An optional personal computer can 
provide a graphical interface, but is not required 
to operate the system.

Hardware

A 916 MHz wireless module (MPR400CB, 
Crossbow Technology, San Jose, California) 
was adopted for our valve controller design 
(Figure 2). The manufacturer is interested in 
developing products for agricultural monitoring 
and control, thus providing a good opportunity 
for collaboration and increased likelihood of 
future commercialization. The wireless module 
was connected to a circuit board providing sensor 
inputs and valve control lines. A nickel-cadmium 
battery and a miniature solar panel were selected 
to provide continuous operation without yearly 
battery replacement. A latching solenoid valve 
(Netafim, Tel Aviv, Israel) was opened or closed 

with an 80 ms pulse from the battery. The 
wireless module was connected to a 1/2-wave 
dipole antenna (S467FL-5-RMM-915S, Nearson, 
Springfield, Virginia) for increased range.

A base node consisting of a wireless module 
and RS-232 gateway (MIB510CA, Crossbow 
Technology) was connected by serial cable to 
an embedded controller (TD40, Tern, Davis, 
California), which served as the field controller 
for the network of remote nodes. The field 
controller contained a keypad to allow entry of 
schedules and manual operation of the remote 
valves, and a liquid crystal display (LCD) for 
viewing status information.

Software

The mesh networking protocol (XMesh) was 
handled by software included with the wireless 
modules. Additional software was written for 
latching valve actuation, a software real-time 
clock, schedule storage and execution, and 
external sensor measurement. Each remote 

Figure 2. 
Wireless valve controller with 
1-inch latching valve.
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node in the network was programmed with a 
unique address between 1 and 9999. External 
sensors and internal voltages were measured 
every 10 minutes and transmitted to the field 
controller. Closed-loop fertigation control 
using conductivity sensors and flow meters is 
being developed. Closed-loop irrigation control 
based on soil moisture measurements and fault 
detection based on pressure measurements were 
tested in previous work and will be added to 
these units in future software revisions.

Wireless Range and Function

Maximum one-hop radio range was tested using 
the base node and one remote node. The wireless 
nodes were tested with 1/4-wave whip antennas 
and 1/2-wave dipole antennas. Tests were 
conducted under visual line-of-sight conditions 
(open field) and obstructed conditions (young 
peach orchard with four-meter-high canopy) 
with the nodes on the ground or elevated one, 
two, or three meters on a wooden stake. The 
results (Table 1) showed that mean range varied 
greatly depending on the node configuration and 
the test environment. Orchard range was difficult 
to measure due to erratic connectivity near the 
maximum range. In some cases, the remote 
node could be moved a few centimeters between 
two locations with full and zero signals. This 
illustrates the value of a mesh network, which 
provides multiple paths of communication. To 
achieve a one-hop range of 100 meters would, 
in the conditions tested here, require a dipole 
antenna mounted slightly higher than one meter 
or a whip antenna mounted slightly higher than 
two meters. In general, elevating a node with 
whip antenna by one meter improved range 
as much as adding a dipole antenna. Ground 
level units would require about 20- to 30-meter 
spacing to ensure adequate wireless connectivity. 
Extrapolation of these results for range 
estimation in other fields or orchards is difficult 
since the conditions would likely be different in 
each location.

Table 1.
Radio range under various conditions.

View Antenna Elevation (m) Mean Range (m)

VLOS1 Whip 0 20.9

1 67.6

2 97.8

3 205.2

Dipole 0 32.7

1 92.8

2 192.6

3 241.1

Orchard Whip 0 21.7

1 46.9

2 94.0

3 119.4

Dipole 0 30.0

1 83.2

2 128.4

3 145.9

1Visual line-of-sight

The general functionality of network messaging 
was tested by sending valve, time, and schedule 
commands to the remote nodes in a mesh 
network. Eight remote nodes were placed close 
to the base or in distant locations that forced 
them to create a multi-hop mesh network. Each 
node acknowledged commands, returned correct 
clock values, and properly opened or closed a 
valve. This indicated that the mesh network was 
operating correctly, although there were a few 
instances where nodes did not respond on the 
first attempt. This always occurred after moving 
the nodes to a new location or early in the re-
routing test. In all cases, waiting several minutes 
allowed the network to stabilize and operate 
correctly. The average time between command 
and acknowledgment at the base was 2.2 seconds 
for a one-hop message, 5.6 seconds for a two-
hop message, and 9.3 seconds for a three-hop 
message, giving a mean of 2.7 seconds per hop. 
Over the time frame of an irrigation cycle, such 
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delays in communication are negligible. In a re-
routing test, one node in the path to the furthest 
node was turned off. After several minutes of no 
response, subsequent messages were successfully 
routed along the new path, showing the self-
healing properties of a mesh network.

Proper schedule execution required the remote 
nodes to maintain the correct date and time 
during operation. However, the internal clock 
was subject to inaccuracy because of crystal 
frequency drift. A simple test was done to 
measure the amount of daily clock drift. To 
start, the clock of the embedded controller was 

set to the nearest second on a reference clock. 
The clocks of two remote nodes were set by 
radio transmission of the current time stored 
on the embedded controller. Over eight days, 
the clocks of the embedded controller and the 
two remote nodes were queried and compared 
to the reference time. The average clock drift per 
day was calculated. A linear regression of the 
embedded controller data gave an average lag of 
0.4 seconds per day. A linear regression of the 
combined data of Nodes 1 and 2 gave a lag of 
6.3 seconds per day of operation. If uncorrected 
for several weeks, scheduled irrigations or sensor 

Figure 3. 
Electrical conductivity probe with 
threaded body for installation on 
fertigation line.

Figure 4. 
Electrical conductivity of fertilizer 
solutions with known nitrogen 
concentration.
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measurements would occur minutes later than 
expected. To ensure the embedded controller and 
remote nodes maintained synchronized clocks, 
the remote nodes were updated with a new time 
stamp each day.

Energy Management

Current consumption of the remote nodes was 
measured during wake/sleep power cycling, 
radio operations, sensor measurement, and 
valve operation. To extend battery life, nodes 
were in sleep-mode most of the time and only 
used the radio when data transfer was required. 
This power-cycling feature was included with 
the wireless module software. The total charge 
consumption of a node was estimated to be 6.76 
mA·h per day. NiCd batteries self-discharge at 
15-20% per month, which for the 170 mA·h 
battery used here, was about 29.75 mA·h 
per month (1 mA·h per day). Node charge 
consumption and battery self-discharge has to 
be balanced by solar panel charge production in 
order to ensure continuous operation of the valve 
controller.

Tests of solar panel performance yielded a charge 
production of 26.0-81.3 mA·h in direct sunlight 
and 6.5-13.7 mA·h in shade. Full sunlight 
on a daily basis would overcharge the battery, 
whereas full shade on a daily basis might not 
provide adequate energy to recharge it. A solar 
panel disconnect feature will be used to ensure 
continuous node operation without battery 
degradation from overcharging. Intelligent energy 
management by the node software will help 
ensure battery consumption remains low during 
extended periods of poor solar panel output. 
Theoretically, the 170 mA·h NiCd battery used 
here should be able to supply a 7.76 mA·h per 
day load (node and self-discharge) for 22 days. 
In testing, this duration was not achieved. A node 
without solar panel operated for just over 13 days 
before its battery voltage fell below 7.2 V, and 
finally to 3.5 V after a total of 17 days.

Fertigation Control

As valves open and close in a spatially variable 
irrigation system, water pressure and flow rate 
will change. In large fertigation systems we 
will also need to consider the time it takes for 
dissolved fertilizer to reach each emitter. When 
attempting to deliver fertilizer to individually 
controlled blocks or emitters at different rates 
or times, fertilizer travel times could be difficult 
to predict. Electrical conductivity (EC) sensors 
in the irrigation line will allow the wireless 
network to locate the fertilizer head and tail by 
the change in conductivity as the fertilizer passes 
through. Using fertilizer-specific calibrations, 
the actual concentration of fertilizer could also 
be determined. This information will be used to 
adjust fertigation timing at each control valve in 
real time.

A simple two-pin EC probe (CDH-712, 
Omega Engineering, Stamford, Connecticut) 
with threaded body was selected for ease of 
installation into an irrigation system (Figure 3). 
The probe has a 0 to 2,000 μS/cm range. This 
will be suitable for nurseries and greenhouses 
with frequent fertigation using general fertilizer 
injected at about 100 to 450 ppm nitrogen. A 
greater range sensor will be needed for orchard 
and vineyard fertigations which typically use 
higher concentrations of nutrient (up to 10,000 
ppm nitrogen) and operate less frequently. The 
conductivities of two fertilizer solutions were 
measured at known concentrations of nitrogen: 
Urea-Ammonium-Nitrate-32% (UAN-32) and a 
general NPK fertilizer (20-20-20). Liquid UAN-32 
alone has a nitrogen concentration of 421,789 
ppm (mg/L). Solutions of known concentration 
were made by dilution in distilled water, which 
has a conductivity of 0 μS/cm. Quantities of 
20-20-20 were weighed on a laboratory scale and 
dissolved in distilled water to create solutions of 
known nitrogen concentration (ppm, mg/L) based 
on the fact that the fertilizer is 20% nitrogen by 
weight. The measured conductivity was a linear 
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function of nitrogen concentration (Figure 4). 
Calibration equations will be programmed into 
the wireless nodes allowing them to measure the 
nitrogen concentration of the injected fertilizer 
stream during fertigation. Accurate measurements 
will also require the nodes to regularly recalibrate 
themselves to use the baseline conductivity of 
the irrigation water. For example, tap water in our 
laboratory had a measured conductivity of 520 
μS/cm.

WORK IN PROGRESS

Twenty wireless valve controllers have been 
manufactured and will be deployed to nurseries 
and landscapes for field testing. Sensors will 
be connected to the nodes for monitoring 
water pressure, soil moisture level, or other 
parameters. We will test site-specific fertigation 
control in a UC Davis orchard microsprinkler 
system or other suitable location. We will also 
complete an economic feasibility analysis to 
determine at what level a wireless system would 
be economically viable for a grower. We are 
in continued communication with Crossbow, 
the wireless module manufacturer, to promote 
commercialization of the techniques developed 
under this grant.
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INTRODUCTION

The Santa Maria Valley has high nitrate 
concentrations in ground water and surface 
water. Several wells have up to 70 ppm of 
nitrate. Many surface water samples have been 
measured in excess of 45 ppm, the EPA drinking 
water standard for nitrate. The Central Coast 
Regional Water Quality Control Board (RWQCB) 
Conditional Ag Waiver of 2004 (waiver) 
requires farmers to develop farm water quality 
management plans (farm plans) to document 
existing and implement additional management 
practices in order to reduce and clean up runoff 
which leaves their property. We are trying to 
develop tools to help farmers comply with water 
quality regulations and reduce some costs related 
to inputs. A great advantage to this work has 

Balancing Fertilizer Application  
Rates with Water Quality Protection in 
Strawberry Production

been the farmer cooperators that we have been 
working with. We have set up two fertilizer trials 
in commercial strawberry fields. 

One trial had three rates of preplant fertilizer, 
0, 80 and 160 pounds of nitrogen (N) as 18-
8-13 slow release fertilizer. We added a total of 
44 pounds of N through the drip system. The 
80-pound treatment was the most promising 
to the farmer, though we did not see significant 
differences in yield among the treatments. 
This year we are going to repeat the preplant 
treatments, lower the rates of preplant N to 0, 65 
and 130 pounds, and have three different weekly 
injection rates. The weekly injection rates will be 
2.5, 5, and 10, with total midseason additions of 
20, 40 and 80 pounds of N per acre. 
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The second trial had tree rates of pre-plant 
compost, equivalent to 0, 10 and 20 tons of 
compost per acre and then three, six, and 12 
pounds of N injected per week for 25 weeks. 
We did not see a difference in yield related to 
compost but we did see a direct relationship 
between weekly N rates and boxes of strawberries 
produced. The injectable organic N sources 
are expensive and are more problematic going 
through the drip lines than conventional N 
sources. This year’s trial will focus on three 
different injectable N sources and the same three 
weekly N rates.

There are around 100 growers in Santa Maria 
that are farming on 40 acres or less and speak 
mostly Spanish. Many of them have requested 
assistance in developing irrigation and nutrient 
management plans. We have had two large 
group strawberry production meetings with this 
group, where the fertilizer trials were visited 
and discussed. We have had several small group 
meetings where we have discussed irrigation and 
nutrient management concepts. We are providing 
a “follow-up” assistance to this group, where we 
try to help them utilize some of the technology 
from the fertilizer trials on their farms. Many 
have applied one-half of the preplant fertilizer 
compared to last year. An outline of the farm 
planning information that we are offering to 
these farmers is given below.

DESCRIPTION

Our approach is to develop a farm water quality 
management plan tool box. The tool box consists 
of an irrigation compartment and nutrient 
management plans.

The steps in the irrigation compartment look 
like this:

1	 Irrigation mobile lab evaluations for 
distribution uniformity (DU).

·	Our mobile lab technicians perform a catch-
can experiment and take pressure readings 
throughout the field to determine a field’s 
DU. The DU is a measure of how evenly 
water is applied over the entire field.

DUlq = Average low quarter H2O depth ÷ 
average H2O depth in all elements

2	 Determine the amount of nitrate and salt in 
the irrigation water.

·	Nitrate procedure: Dip an EM Quant® 
nitrate test strip into the water for one 
second, shake off excess solution, and wait 
60 seconds. Estimate nitrate concentration 
using the color chart provided. Nitrate-N 
content (consider as fertilizer, if >10)

·	The strip reading gives units of NO3- in 
parts per million (ppm).

·	ppm NO3- ÷ 4.43 = ppm NO3-N 

·	ppm NO3-N x 1 inch x 0.227 = pounds of 
NO3-N per acre-inch of water applied

Example: Nitrate strip reading from well 
water = 100 ppm NO3-÷ 4.43 = 22.5 ppm 

·	22.5 ppm NO3-N x 1 inch of H2O x 0.227 
= 5 lbs NO3-N per acre-inch of water 
applied.

Salinity is measured with an electrical 
conductivity meter and if the electrical 
conductivity of irrigation water (ECw), 
is high, then utilize a leaching fraction. 
For strawberries, an ECw of 0.7 can limit 
production by 10%.

A leaching fraction is an application of an 
amount of irrigation water greater than the 
plant root zone will hold. The salt is pushed 
out of the plant root zone by a leaching 
fraction. Remember that N fertilizers act as 
salts, and leaching fractions should be put 
on before fertilizer application rather than 
immediately after.
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Example: If one inch of water is required 
to fill the plant root-zone and the farmer 
applies 1.2 inches of water in order to push 
the salts out of the plant root-zone, then the 
0.2 extra inches of water is considered the 
leaching fraction.

3	 Develop an irrigation schedule.

·	Determine the soil’s infiltration rate and 
water holding capacity from USDA soil 
survey report, by interviewing the farmer, 
and by performing on-site soil probing and 
observations.

·	Determine the amount of flow that the 
well can produce in gallons per minute  
produced by the pump from flow meter or 
interviewing farmer and observations.

·	Calculate how many minutes or hours of 
drip irrigation are required to add one inch 
of water.

·	Relate inches of water applied to depth of 
water penetration.

·	Train the farmer to determine soil moisture 
by feel and/or install and train him to 
utilize tensiometers, the strawberry beds 
are irrigated so frequently that low range 
tensiometers are necessary, these measure 
the soil moisture tension at a range of 0 to 
50 centibars.

·	Discuss timing of leaching fractions and 
fertilizer injections, and the relationship 
between the two.

An irrigation evaluation of drip systems 
also includes a water analysis for Fe 
concentration and bicarbonates in order to 
determine causes of emitter plugging.

The steps in the nutrient management plan 
compartment look like this:

4	 Determine crop’s nitrogen requirement.

·	Assist the farmer in determining how 
much nitrogen to apply over the entire 
season. Information sources include the 
Western Fertilizer Handbook; University 
of California, Davis; private agricultural 
lab recommendations; private consultants; 
and fertilizer trials with UC Cooperative 
Extension.

5	 Take a preplant soil sample.

·	Soil sample ten or more subsamples per 
management unit.

·	Send to a lab for analysis and 
recommendations.

·	Discuss the lab’s recommendations with 
the farmer in relation to the N requirement 
and the field salinity and previous crop 
conditions.

6	 Determine preplant fertilizer requirement.

·	Define a site-specific preplant fertilization 
program to be applied before the plastic 
mulch is applied. Once the plastic mulch 
is in place, the only means of getting 
significant fertilizer to the plants is by 
injecting through the drip system.

Electrical conductivity of the soil extract 
is represented by ECs. If ECs > 1.0, then 
sprinkle irrigate for up to 12 hours, in order 
to leach the salts. Sprinkle before the plastic 
covers the beds.

Strawberries grow best at a pH of 6.8 or 
lower (slightly acidic condition). If the 
soil pH is higher than 6.8, then apply bulk 
sulfur, or Tiger Sulfur® at preplant. The 
field may need additional pH adjustment 
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midseason, and if so, then inject calcium 
thiosulfate CaS2 through the drip system.

Phosphorus (P) and micronutrients do not 
leach so it is best if they can be applied 
100% at preplant.

Potassium (K) can be applied 100% at 
preplant, or 50% preplant and then the 
remaining 50% injected through drip 
system at mid-season.

A portion of the crops N requirement can 
be applied preplant, from 20% to 50% of 
the amount determined under Step 4 above. 
The remainder should be injected through 
the drip system.

7	 Define a mid-season fertilizer program.

·	All midseason amendments must be 
injectable through the drip system, since the 
plastic mulch bed covers prevent other soil 
application methods.

8	 Conduct mid-season soil nitrate quick test.

·	The farmer can determine when to begin 
nitrogen injections by soil sampling in 
the plant root zone. He should pull 10 
subsamples from the plant root-zone and 
then perform the soil nitrate quick test.

If test strip reads >50 ppm nitrate, then 
he doesn’t need to add N fertilizer; if <50, 
consider an injection of N fertilizer.

Time irrigations so that any leaching 
fractions occur before fertilizer injections, as 
discussed above under Step 2.

Here is an example of a nitrogen budget for a 
strawberry crop:

The farmer determines that his crop requires 
160 pounds of N, 30 pounds of P and 120 
pounds of K for the entire season.

He decides to apply 50% of the N as a slow 
release (18-8-13) before planting.

Apply = 445 pounds of 18-8-13 fertilizer to 
add 80 pounds of N, 35 pounds of P and 57 
pounds of K.

The remaining 80 of pounds N, 0 pounds 
of P, and 63 pounds of K will be made with 
midseason injections.

Potassium nitrate (KNO3-N) is equivalent of 
a 13-0-46 that is water soluble. A solution 
would weigh about 12 pounds per gallon 
and every gallon would contain 1.5 pounds 
of N and 5.5 pounds of K. Injecting six 
midseason applications of two gallons per 
acre of KNO3-N would deliver 18 pounds of 
N and 66 pounds of K.

CAN-17 is a commonly used material. It 
weighs about 12 pounds per gallon and 
contains 17% N and therefore contains 
about two pounds N per gallon. The 
remaining 62 pounds of N could be applied 
as CAN-17. He could make seven injections 
of five gallons CAN-17 per injection per 
acre, which would deliver a total 70 pounds 
of N per acre.

9	 Assess mid-season salt buildup.

·	Salts accumulate quickly in the strawberry 
beds. We can perform a quick test for ECs 
on the soil pulled for a soil nitrate quick-
test described above. If ECs >1.0, then apply 
a drip irrigation that includes a leaching 
fraction as described under Step 2 above.

·	Injections of calcium thiosulfate (CaS2) 
or soluble gypsum (CaSO4) prior to 
the leaching fraction irrigation is also a 
practical way to reduce salinity in the plant 
root-zone.
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There are some additional tools that we are 
considering in our fertilizer trials:

·	Leaf and petiole sampling and quick analysis 
with the Horiba Cardy® meter.

·	Soil suction lysimeters are being used to sample 
the leachate below the root zone.

·	Varying cut-back dates, and injectable fertilizer 
rates for a secondary fresh market.

CONCLUSION

In summary, there is one toolbox and the 
irrigation and nutrient tools are tightly linked. 
Poor DU in a drip system equals poor DU for 
all of the fertilizer injected through it. Nitrate-
nitrogen moves wherever the water moves and if 
that is past the root zone, then that nitrogen is 
lost. Fertilizer costs are increasing, water quality 
regulations are tightening, and the price that 
a farmer gets for a box of strawberries is about 
the same as it was five years ago. The tools are 
not new, merely crop specific adaptations and 
customization of basic soil, plant and water 
sampling and evaluation. The concepts utilized 
and developed here in strawberries can also be 
useful in other row-crop production systems.
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INTRODUCTION

There are many different approaches to nutrient 
management in crops that range from the simple 
to the sophisticated. In its simplest iteration, 
nutrients are applied based upon results of 
leaf analysis and comparison with established 
“critical values” (CVs). In this approach, leaf 
nutrient analysis provides only an indication 
of adequacy or deficiency but does not provide 
any specific information on the appropriate rate 
or timing of any fertilizer response. CVs are an 
inadequate approach to nutrient management in 
a high value species. Not only is the collection 
of a representative leaf sample difficult, and 
generally collected too late in the season to 
respond, our degree of confidence in the existing 
CVs is limited and most importantly the results 
provide no specific information on how to 
respond. An alternative approach, which is 
widely used in high value agricultural enterprises 
such as animal production, aquaculture, 
greenhouse vegetable and flower production, 
and increasingly in agronomic crops, is to use 
knowledge of growth and development to 
derive nutrient demand curves that guide the 
timing and quantity of nutrient applications. 
In these approaches, growth models, estimates 
of daily nutrient intakes, knowledge of nutrient 
bioavailability and the interactions between 
nutrients and other inputs are integrated to 
ensure that nutrient supply does not limit growth 
and that profitability is maximized by avoiding 
excess applications.

Almond production in California is well suited 
to the adoption of a nutrient budget-driven 
approach to fertilization. Crop values are at an 
all-time high and there is an increasing interest 
in “sustainable” production techniques to 
address customer desires and product image. 
Management techniques are increasingly 
amenable to “on-demand” fertilization through 
increased adoption of fertigation systems and the 
use of fluid fertilizer formulations. The mature 

almond tree is well suited to a budget approach 
to fertility management as it is relatively 
determinant in its growth patterns, almonds 
show limited vegetative re-growth after fruits 
reach full size, and the majority of whole tree 
macronutrient demand is partitioned to nuts. 
Once the spur leaves are fully mature, the N and 
K requirements for vegetation are largely satisfied; 
fruits, on the other hand, continue to accumulate 
N and K until harvest.

OBJECTIVES

1	 Develop a phenology- and yield-based 
nutrient model for almond.

2 	 Develop fertilizer response curves to relate 
nutrient demand with fertilizer rate and 
nutrient use efficiency.

3 	 Determine the effectiveness and nutrient use 
efficiency of various commercially important 
N and K fertilizer sources.

4 	 Validate current CVs and determine 
if nutrient-ratio analysis provides 
useful information to optimize fertility 
management.

5 	 Develop and extend an integrated nutrient 
BMP for almond.

DESCRIPTION

Tree nutrient demand is being determined 
by measuring nut development, nut nutrient 
content, and total nut biomass in 100 trees 
at four sites (Arbuckle, Salida, Madera 
and Bakersfield) in eight- to nine-year-old 
microsprinkler-irrigated almond orchards of 
good productivity planted to Nonpareil (50%) 
on uniform rootstock in soils representative of 
the region. Leaf samples have been collected 
in April, May, June, July, and October. Tissue 
determination for the major elements (N, P, 
K, S, Ca, Mg, B, Zn, Fe, Mn,and Cu) in all the 
collected nut samples and leaf samples is being 
processed by the Department of Land, Air and 
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Water Resources (DANR) analytical laboratory 
at University of California, Davis. Tree yield and 
quality attributes have been collected from all 
individual trees. All nutrient and biomass data 
will be cross-referenced to individual tree yield, 
phenology, environment and other variables to 
develop a phenology- and yield-based nutrient 
model for almond.

In a second experiment, a large experimental 
fertilizer response trial has been set up in an 
eight-year-old orchard, 50% Nonpariel and 
50% Monterey. Experimental plots have been 
replicated under fan-jet and drip irrigation 
systems. Fifteen individual trees and their 
immediate 30 neighbors have been considered 
as a single uniformly treated unit with all 
measurements taken on the central six Nonpareil 
trees individually. A total of 128 experimental 
units of 15 trees have been treated, and from this, 
768 individual trees will be monitored for yield, 
nut growth and development and full nutrient 
status. A fertigation system has been installed 
and a digital flow meter has been employed to 
provide well controlled doses of fertilizer during 
five fertigation events. Basal sulphate of potash 
(SOP) application was made in early February 
and fertigation was done in February, April, June, 
August, and October. The total experimental area 
is 100 acres.

The twelve treatments include four rates of N 
(125, 200, 275, 350 pounds per acre, all other 
elements held constant) applied through UAN-
32; 3 rates of K (100, 200, 300 pounds per 
acre, applied as 60% SOP basal and 40% KTS 
fertigated; all other elements held constant), 
plus four contrasting rates of CAN-17, one KCl 
and one SOP treatments. Effectiveness of each 
treatment will be determined by changes in leaf 
tissue analysis, yield, and soil residual N and K 
over a three- to five-year period. 

Leaf samples have been collected in April, May 
and June, July, and October. Tissue determination 

for the major elements (N, P, K, S, Ca, Mg, B, Zn, 
Fe, Mn and Cu) in all the collected nut samples 
and leaf samples is being processed by the DANR 
analytical laboratory at UC Davis. Tree yield and 
quality attributes have been collected from all 
individual trees. All nutrient and biomass data 
will be cross-referenced to individual tree yield, 
phenology, environment and other variables to 
develop a phenology- and yield-based nutrient 
model for almond.

RESULTS AND DISCUSSION

Currently the first four rounds of tissue sampling 
have been completed at four sites and results 
of tissue analysis from DANR laboratory are 
pending. Nuts have been harvested and yield 
has been determined for individual trees as 
well as for total numbers of experimental trees 
in all replication of every treatment. Once 
tissue analysis reports are available, data will be 
analyzed and a model of nutrient uptake will 
be developed. Average yield of treatments under 
fan-jet (Table 1) and drip (Table 2) is given 
below. These data are reported here as in-field 
dry whole fruit weight per tree average, pending 
completion of crack-out. At 25% kernel weight, 
yield range is from 3,300 to 3,600 pounds per 
acre kernel weight. Statistical analysis of kernel 
yield, development of phenology models and 
analysis of tissue nutrient levels and relationship 
with yield will be completed in the coming 
months. In the coming years this project will be 
supplemented with additional orchards, ground-
based aerial and satellite sensing and advanced 
modeling approaches as a component of a USDA 
grant that has been received to further support 
this project.
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Table 1.  
Average yield of 15 trees, fan-jet section

Treatments

Replications

Total 
Average1 2 3 4 5 6

Yield (Lb) Yield (Lb) Yield (Lb) Yield (Lb) Yield (Lb) Yield (Lb)

Treatment A: N 125lb/ac,         
K 200lb/ac (UAN)

145 140 143 154 144  145

Treatment B: N 200lb/ac,         
K 200lb/ac (UAN)

146 157 145 160 148  151

Treatment C: N 275lb/ac,         
K 200lb/ac (UAN)

150 144 158 159 155 152 153

Treatment D: N 350lb/ac, 
K 200lb/ac (UAN)

142 133 170 174 156  155

Treatment E: N 125lb/ac,         
K 200lb/ac (CAN)

114 137 136 161 162  142

Treatment F: N 200lb/ac,         
K 200lb/ac (CAN)

141 142 141 172 164  152

Treatment G: N 275lb/ac, 
K 200lb/ac (CAN)

135 187 157 155 153 144 155

Treatment H: N 350lb/ac,  
K 200lb/ac (CAN)

132 135 143 164 155  146

Treatment I: N 275lb/ac,  
K 100lb/ac (UAN, SOP, KTS)

148 142 137 141 155  145

Treatment J: N 275lb/ac,  
K 300lb/ac (UAN, SOP, KTS)

129 146 171 156 154  151

Treatment K: N 275lb/ac,  
K 200lb/ac (UAN, SOP)

129 146 155 173 153 149 151

Treatment L: N 275lb/ac,         
K 200lb/ac (UAN, KCl)

136 150 140 155 146 147 146

Each value is the sum of yields measured on six individual harvested trees plus nine pooled trees  
(15 total per replicate per treatment)
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Table 2.  
Average yield of 15 trees, drip section

Treatments

Replications

Total 
Average1 2 3 4 5 6

Yield (Lb) Yield (Lb) Yield (Lb) Yield (Lb) Yield (Lb) Yield (Lb)

Treatment A: N 125lb/ac,         
K 200lb/ac (UAN)

169 146 150 176 155  159

Treatment B: N 200lb/ac,         
K 200lb/ac (UAN)

155 149 167 174 156  160

Treatment C: N 275lb/ac,         
K 200lb/ac (UAN)

165 173 184 170 159 157 168

Treatment D: N 350lb/ac,         
K 200lb/ac (UAN)

173 163 188 169 153  169

Treatment E: N 125lb/ac,         
K 200lb/ac (CAN)

170 145 163 165 155  160

Treatment F: N 200lb/ac,         
K 200lb/ac (CAN)

159 157 173 139 163  158

Treatment G: N 275lb/ac,         
K 200lb/ac (CAN)

166 158 169 177 167 170 168

Treatment H: N 350lb/ac,         
K 200lb/ac (CAN)

169 151 163 180 159  164

Treatment I: N 275lb/ac,  
K 100lb/ac (UAN, SOP, KTS)

166 156 172 190 164  170

Treatment J: N 275lb/ac,  
K 300lb/ac (UAN, SOP, KTS)

173 159 157 181 176  169

Treatment K N 275lb/ac,         
K 200lb/ac (UAN, SOP)

157 164 163 173 162 170 165

Treatment L N 275lb/ac,         
K 200lb/ac (UAN, KCl)

162 171 158 178 164 173 168
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INTRODUCTION

In tree crop production in California, leaf 
sampling and critical value analysis represents 
the primary tool for fertilizer decision making 
(Brown and Uriu, 1996). Ninety percent of 
growers and consultants participating in the 
recent CDFA-FREP-funded focus groups on 
nutrition and subsequent surveys of growers, 
felt that University of California (UC) Critical 
Values (CVs) were not appropriate for current 
yield levels, were not useful early in the season 
and did not provide sufficient guidance for 

nutrient management. Two explanations for 
this observation are possible: 1) the current 
CVs are limited in application and are possibly 
incorrect; or 2) there are systematic errors in 
the manner in which critical values are used. 
While it is not known if UC CVs are incorrect 
(this will be verified), it is known that they have 
not been validated for early season use and it is 
clear that there has been a systematic error in the 
way leaf sampling and CVs have been used. We 
conclude that the “problem” with current CVs is 
not that they are necessarily wrong, but that they 
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do not account for within-field, within-canopy, 
between-season or within-season variability. A 
vast majority of growers also noted that CVs are 
of no use early in the season when in-season 
adjustments could still be made, and many noted 
that even if a sound leaf sample is taken that the 
analysis cannot be used to determine a specific 
fertilization response.

This project aims to correct this situation by 
developing new approaches and interpretation 
tools that better quantify field and temporal 
variability, are sensitive to yield and provide for 
in-season monitoring and fertilizer optimization 
in almond. This project will also offer the unique 
opportunity to verify current CVs and determine 
the utility of nutrient ratios as a diagnostic tool.

OBJECTIVES

1 	 Determine the degree to which leaf nutrient 
status varies across a range of representative 
orchards and environments. 

2 	 Determine the degree to which nutrient status 
varies within the canopy and within the year. 

3 	 Validate current CVs and determine if nutrient 
ratio analysis provides useful information to 
optimize fertility management. 

4 	 Develop and extend an integrated nutrient 
best management practice (BMP) for almond.

DESCRIPTION

A large-scale survey of within-field, between-
field, within-tree and between-organ nutrient 
concentration and variance will be conducted 
in mature almond orchards. The interaction 
between yield and nutrient status will be 
determined at four sites on >600 individual trees. 

All trials have been initiated in eight- or nine-
year-old microsprinkler-irrigated (one drip-
irrigated) almond orchards of good to excellent 
productivity planted to Nonpareil (50%) in 
soils representative of the region and a large 
percentage of almond acreage. At experiment 
completion, trees will have reached 11 or 14 years 
old (after three or five years), representing their 
most productive years.

For each of four almond sites (Arbuckle, Salida, 
Madera, Bakersfield), plots are a 10- to 15-acre 
contiguous block. Both leaf and nut samples 
will be collected at five times during the season, 
selected from 114 trees in each plot for a period 
of three to five years. Sample collection will be 
spaced evenly over time from full leaf expansion 
to one month post-harvest. As a phenological 
marker, days past full bloom and stage of nut 
development will be noted. Light interception, 
trunk diameter, and individual yields of these 
trees will also be measured. 

Table 1.  
2008 Sampling schedule 
for each site.

 1* 2 3 4 5 6**  

Sample Type Apr 6 May 12 Jun 16 Jul 26 Aug 20 Oct 10 Total

Non-fruiting spur leaves 30 114 114 30 0 30 318

Fruiting spur leaves–1 nut 30 30 30 30 0 30 150

Fruiting spur leaves–2+ nuts 30 30 30 30 0 30 150

Nut sample 10 10 10 10 10 0 50

Total 100 184 184 100 10 90 668

  *April 6 sampling date is based on estimated date of full leaf expansion.
**October 10 sampling date is one month past harvest of final site (harvest date average of four sites).
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Standard leaf sampling protocol will be carried 
out on exposed, non-fruiting spurs, as well as 
collecting leaves from fruiting spurs with one 
and multiple fruit to explore different sampling 
methods (Table 1). Composite nut samples will 
be collected from each site. Both leaf and nut 
samples will be processed by researchers prior to 
being sent to the Department of Land, Air and 
Water Resources (DANR) analytical laboratory at 
University of California, Davis.

With the guidance of Richard Plant, a leading 
agronomic statistician, an extensive grid-
sampling protocol has been established at each 
site using techniques developed for geographic 
information systems (GIS). At 54 grid points 
uniformly distributed across a 10- to 15-acre 
block of trees, May and July leaf nutrient status, 
light interception, trunk diameter and tree yield 
will be determined in each Nonpareil tree. At 30 
of these grid points, the nutrient status and yield 
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Figure 1. 
Plot map (same for all sites) used for this project.  It gives the layout of the 
experiment as it is in the orchard at each of the four sites. The 54 grid trees 
listed are the main trees of the study being sampled a total of five times 
throughout the growing season. The 60 sub-grid trees were sampled from 
only twice during the season and serve the purpose of assessing nutrient 
content and yield of trees neighboring those from the main grid pattern.
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of two neighboring Nonpareil trees will also be 
collected as independent data points. Initially, 
non-fruiting spur leaves in exposed positions will 
be selected for these samples; however, depending 
on the early results, sampling protocols may 
be adjusted. Two statistical techniques, “nugget 
sampling” and “modified Mantel,” will be used. 
This approach allows for partitioning of variance 
in nutrient status due to environment, due to 
genetic variability and “random” variability and 
allows for determination of the interactions and 
dependencies between nutrition and yield and the 
nature of spatial variability within an orchard.

Overall, this experiment will collect far more 
samples (2,672 samples from 456 individual 
trees), analyzed for more nutrients (N, K, P, S, 
Ca, Mg, B, Zn, Mn, Fe) than ever performed 

before and will collect the individual tree yields 
associated with each of these samples. This 
detailed approach is designed to provide the 
foundation statistical information needed to 
guide fertilizer practice for the foreseeable future.

RESULTS AND CONCLUSIONS

This experiment commenced in 2008, and results 
of only the first of the nutrient sampling dates 
and field yields have been determined. Full 
analysis of yield x nutrient status and within-
tree and between-tree variability and interaction 
between yields and nutrient relationships will 
be conducted in the coming months prior to the 
2009 season. Yields at all sites were very good to 
excellent (Table 1).

Table 1.  
Field pick-up weights on per-tree 
and per-acre basis.

Location Arbuckle Salida Madera Bakersfield All Sites

Lbs./tree 129.2 173.1 126.1 128.6 139.3

Lbs./acre 12,794.0 15,581.0 12,612.0 14,919.0 13,977.0

Tons/acre 6.40 7.79   6.31 7.46 6.99
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INTRODUCTION

Foliar fertilization can meet the plant’s demand 
for a nutrient at times when soil conditions (low 
temperature, low soil moisture, pH, salinity) 
render soil-applied fertilizers ineffective. Thus, 
foliar fertilization is an effective method for 
correcting soil deficiencies and overcoming the 
soil’s inability to transfer nutrients to the plant. 
Nutrients, especially phosphate, potassium and 
trace elements can become fixed in the soil and 
unavailable to plants. Applying nutrients directly 
to leaves, the major organ for photosynthesis, 
ensures that the plant’s metabolic machinery 
is not compromised by low availability of an 
essential nutrient. It is important to note that 
foliar-applied fertilizers of phloem-mobile 
nutrients are translocated to all parts of the 
tree, including the smallest feeder roots. Foliar 
fertilizers reduce the potential for accumulation 
of nutrients in soil, run-off water, surface 
water (streams, lakes and the ocean), and 
groundwater (drinking water supply), where they 
can contribute to salinity, eutrophication and 

nitrate contamination, all of which have serious 
consequences on the environment and humans. 
Thus, foliar fertilization provides advantages 
over traditional soil-applied fertilizer and should 
replace soil-applied fertilizer, at least in part, in 
crop best management practices (BMPs). 

Three problems impede adoption of foliar 
fertilizers:

1 	 Not all nutrients are taken up through the 
foliage and, even if taken up, some nutrients 
are not phloem mobile. Thus, a priori 
knowledge (research) is necessary to know 
which nutrients are taken up through the 
leaves of a specific crop in order to develop a 
foliar fertilization program. This information 
is not always available to growers and the 
lack of information compromises a grower’s 
ability to discern which foliar fertilizers are 
worth using and when to apply them. 

2 	 Standard leaf analyses do not always show the 
expected increase in nutrient concentration. 
This can be due to poor nutrient uptake, 
but also can result from excellent uptake 
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and utilization by tissues not sampled 
(new shoots, stems, roots and especially 
fruit). Conversely, leaf analyses can give 
false positive information regarding foliar 
fertilization. Some foliar-applied nutrients 
persist in the wax of the leaf cuticle. Thus, if 
the leaves analyzed are not washed properly, 
a false high reading will be obtained. 
Frequently, it is considered sufficient to 
merely demonstrate that a nutrient applied as 
a foliar fertilizer is taken up. To do this, leaves 
are typically analyzed within a short period 
of time after the fertilizer is applied to the 
foliage. Whereas this approach may confirm 
that uptake has occurred, benefits of the 
application are largely presumed. 

3 Rates of foliar fertilizer are typically lower than 
soil-applied fertilizer, but application of foliar 
fertilizer can be more expensive, especially if 
a grower does not own his own sprayer. Tank 
mixing multiple fertilizers and/or pesticides 
to save a trip through the orchard can cause 
negative interactions that reduce efficacy or 
cause negative effects on plant metabolism, 
such as the negative effect on yield of the 
avocado due to the interaction between foliar-
applied N and B (Lovatt, 1999). Growers have 
been proactive in protecting the environment, 
but with the high cost of fertilizer in general, 
foliar fertilizers must be proven to be effective 
for growers to be willing to incur the expense 
of using them. An improved methodology to 
evaluate the effectiveness of foliar fertilizer is 
required. We propose that the only acceptable 
standard by which to measure effectiveness of 
foliar fertilizer is a resultant yield benefit and 
net increase in grower income.

The key to achieving a yield benefit and net 
increase in grower income is properly timing 
the foliar application of fertilizer to key stages 
of crop phenology when nutrient demand is 
likely to be high or when soil conditions are 

known to restrict nutrient uptake. For citrus and 
avocado tree crops, this approach is in contrast to 
applying foliar fertilizers at the standard time of 
1/3- to 2/3-leaf expansion (March), which targets 
foliage with a thin cuticle and large surface 
area and only result in yields equal to those 
attained with soil-applied fertilizer (Embleton 
and Jones, 1974; Labanauskas et al., 1969). With 
demonstration that foliar fertilization strategies 
can be used to increase yield parameters and 
grower net income with reliability by properly 
timing their application (Lovatt 1999), growers 
will replace soil-applied fertilizer, at least in 
part, with foliar fertilizer, improving fertilizer 
efficiency and protecting the environment.

Winter prebloom foliar applications of low-
biuret urea or potassium phosphite (a form 
of P [HPO3

-2] readily taken up by leaves and 
translocated through trees to the roots [Lovatt 
and Mikkelsen, 2006]) have been shown to 
increase yield, yield of commercially valuable 
large size fruit and total soluble solids (TSS) of 
sweet oranges (C. sinensis) (Albrigo, 1999; Ali 
and Lovatt, 1992, 1994; Lovatt, 1999); when 
combined, the yield effects are additive (Albrigo, 
1999). Use of urea and potassium phosphite in 
Clementine mandarin (C. reticulata) production 
in Morocco produced similar beneficial yield 
results (El-Otmani et al., 2003a, b). Application 
of potassium phosphite in May (during the cell 
division stage of fruit development) and again in 
July (at maximum peel thickness, which marks 
the end of the cell division stage of citrus fruit 
development) or a single application of urea in 
July increased the yield of large size ‘Frost nucellar’ 
navel orange fruit (C. sinensis) (Lovatt, 1999). 
Fruit size of ‘Sunburst’ tangerine (C. reticulata x C. 
paradisi) was increased with foliar application of 
potassium nitrate (KNO3) at dormancy (February), 
post-bloom (~April) and exponential fruit growth 
(July-August) (Boman, 2002).
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Foliar application of potassium sulfate (K2SO4) 
at the post-shooting stage of banana (Musa spp.) 
increased yield, fruit quality and post-harvest 
shelf-life (Kumar and Kumar, 2007). Foliar-
applied potassium during cantaloupe (Cucumis 
melo) fruit development and maturation 
improved fruit market quality by increasing 
firmness, sugar content, and nutritional value 
through increased beta-carotene, ascorbic acid 
and K concentrations in the edible flesh (Lester et 
al., 2007).

For avocado, canopy applications of B or urea-
N just prior to avocado inflorescence expansion 
(cauliflower stage of inflorescence development), 
significantly increased the number of viable 
ovules, increased the number of pollen tubes 
that reached the ovules, and increased yield 
(Lovatt, 1999). Earlier (bud break) applications 
were not effective, later (full bloom) applications 
were intermediate in effect. B is also known to 
stimulate cell division and increase fruit set and 
fruit size of many crops, even seedless fruit, and 
even when leaf analyses indicate B is adequate. 

For all cases cited above, proper timing of 
the foliar fertilizer application was a factor in 
increasing commercial yield or improving fruit 
quality parameters, including increased fruit 
size. Moreover, these results were attained even 
though the crops were not deficient based on 
standard nutrient analysis for the crop.

We propose to conduct this research with 
Clementine mandarin (Citrus reticulata Blanco), 
for which little fertilizer research has been 
conducted in California. Thus, the results of this 
project will not only establish the feasibility of 
using a yield benefit and net increase in grower 
income as a new methodology for evaluating 
the effectiveness of foliar fertilizers, but also 
will provide California Clementine mandarin 
growers with fertilization practices to improve 
crop production that are efficient and protect the 
environment. In addition, CDFA-FREP provides 

the visibility required to make the benefits of this 
approach known to researchers and growers of 
other crops.

OBJECTIVES

To test the efficacy of properly timed foliar-
applied ZnSO4, Solubor-B, urea-N and 
phosphite-P+K fertilizers to increase ‘Nules’ 
Clementine mandarin fruit number, size, and/or 
quality and increase grower net income and, 
thus, to demonstrate that a yield benefit and 
net increase in grower income should be the 
only acceptable standard for evaluating the 
effectiveness of foliar applied fertilizers. 

Thus, the specific objectives are to test the efficacy 
of the following fertilizers applied to the foliage 
at the times specified: 

1 	 N (23 pounds per acre, urea [46% N, < 0.25% 
biuret]) with K and P (0.64 gallons per acre, 
potassium phosphite [0-28-26]) applied 
winter prebloom to increase flower number, 
fruit set and yield, without reducing fruit size, 
and to increase total soluble solids (TSS) and 
TSS:acid. 

2 	 Zn (one pound per acre, ZnSO4 [36% Zn]) at 
10% anthesis in the southwest tree quadrant 
(SWTQ) to increase fruit set and yield, 
without reducing fruit size. 

3 	 B (1.3 pound per acre, Solubor [20.5% B]) at 
10% anthesis in the SWTQ to increase total 
yield and yield of commercially valuable large 
size fruit. 

4 	 K and P (0.49 gallons per acre, potassium 
phosphite [0-28-26]) in May and July to 
increase yield of commercially valuable large 
size fruit, without reducing total yield, and to 
increase TSS and TSS:acid. 

5 	 N (23 pound per acre, urea [46% N, < 0.25% 
biuret]) at maximum peel thickness to 
increase yield of commercially valuable large 
size fruit, without reducing yield, and to 
increase TSS and TSS:acid. 
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6 K (25 pounds KNO3 per acre) at dormancy 
(February), post bloom (~April) and summer 
fruit growth (July-August) to increase the yield of 
commercially valuable large size fruit (Boman, 
2002). Fertilizer rates are based on application in 
250 gallons water per 100 trees per acre so that can 
be adjusted for application to individual trees.

DESCRIPTION

The research will be conducted in a commercial 
orchard of bearing ‘Nules’ Clementine mandarins 
located near Fowler. Treatments above (1-6), a 
soil-fertilized control (standard grower practice) 
(Treatment 7) and a foliar-fertilized (2/3-leaf 
expansion) control for each fertilizer (ZnSO4, 
low-biuret urea-N, potassium phosphite-P+K, and 
Solubor-B above (Treatments 8-12) will be applied 
to 16 individual ‘Nules’ Clementine mandarin 
trees (replications) per treatment in a randomized 
complete block design (192 data trees). 

This research starts in October, at which time 
we will initiate treatments to determine the 
optimal time for applying low-biuret urea to 
the foliage of ‘Nules’ Clementine mandarin to 
increase flowering fruit set and yield (November 
15, December 15, January 15, or February 15). 
Starting in early March the orchard will be 
visited every two weeks to monitor and record 
tree phenology in order to apply the foliar 
fertilizer treatments at the proper time each year. 
Starting at the beginning of June, five average size 
fruit will be collected from around each of 20 
randomly selected trees in the buffer rows every 
two weeks. Fruit diameter and peel thickness 
will be measured to determine when maximum 
peel thickness occurs each year. In September, 40 
spring flush leaves from non-fruiting terminals 
will be collected, processed and analyzed for 
N, S, P, K, Mg, Ca, Fe, Mn, B, Zn, and Cu by 
atomic absorption spectrometry and inductively 
coupled plasma atomic emission spectrometry. In 
October the time of color break and TSS:acid will 
be determined. Annually, at harvest in November, 

treatment effects on yield, fruit size distribution 
(packout) will be determined using an in-field 
fruit sizer. A subsample of 100 fruit per tree 
will be used to determine fruit diameter, peel 
thickness, color and external peel quality by my 
lab. A second subsample of 25 fruit per tree will 
be used to determine fruit weight, juice weight, 
percent juice, TSS, percent acidity, TSS:acid by the 
UC Lindcove REC analytical lab. A cost-benefit 
analysis will be calculated. Cumulative treatment 
effects on yield parameters will be determined 
with each successive harvest. The effectiveness 
of the treatments averaged across two years and 
three years of the study will also be determined. 
With each successive set of harvest data, alternate 
bearing index (ABI = [Year 1 yield - Year 2 yield] ÷ 
[Year 1 yield + Year 2 yield]) will be calculated for 
each treatment. In Year 3, treatment effects on ABI 
for the three years of the study will be determined. 
All data will be statistically analyzed using the 
General Linear Model procedure of SAS.

RESULTS AND CONCLUSIONS

The proposed research is scheduled to start in 
October 2008. Thus, there are no results at this 
time.
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Evaluating Humic Substances Used in 
Commercial Fertilizer Formulations

INTRODUCTION

The potential benefits of using humic acids 
in agriculture have been the subject of a 
substantial body of research. Among the benefits 
claimed have been improved seed germination, 
stimulation of root growth and soil microbial 
activity, enhanced nutrient uptake, chelation 
of micronutrients, and stimulation of crop 
growth and yield. Many commercial fertilizer 
formulations containing humic substances 
are currently being marketed. While the 
bioactivity of humic substances has been well 
documented in solution culture or hydroponic 
experiments, very few studies showing positive 
crop response to humic acid have been 
conducted in representative agricultural soils. 
This project is systematically examining the 
effects of commercial humic acid formulations 
when applied to such soils. Using laboratory, 
greenhouse and field experiments, humic acid 
effects on soil microbial activity, early growth, 
nutrient uptake, and yield of lettuce and 
processing tomato will be documented.

OBJECTIVES

1 	 Quantify the effects of humic acid materials 
used in commercial fertilizer formulations on 
soil microbial activity, early growth, nutrient 
uptake, and crop yield.

2 	 Determine whether crop response to humic 
acid materials is soil-specific.

DESCRIPTION

Five commercial humic acid formulations (Table 
1) have been evaluated in greenhouse, laboratory 
and field experiments. For the greenhouse 
experiment four field soils were collected, two 
from the San Joaquin Valley and two from the 
Sacramento Valley. The soils chosen had been in 
typical row crop/vegetable crop rotations, and 
all had low P availability (< 15 ppm bicarbonate 
extractable (Olsen) P); other physiochemical 
properties are given in Table 2. The soils were 
air-dried and blended for uniformity. Plastic pots 
of one-liter volume were partially filled with 750 
g of soil. To simulate a banded preplant fertilizer 
application, a band of liquid was applied to 
the soil surface and covered by an additional 
250 grams of soil. The humic acid materials, 
with and without P fertilizer (liquid 10-34-0), 
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were compared to a P-fertilized control and an 
untreated control receiving neither humic acid 
nor P fertilizer. Application rates simulated field 
rates of two pounds active ingredient (a.i.) per 
acre for the humic materials and 50 pounds P2O5 
equivalent per acre for all fertilized treatments. 

Ten seeds of ‘Green Towers’ romaine lettuce were 
sown in each pot, in a line one inch above and 
one inch to the side of the humic acid/fertilizer 
band. The seeds were covered with a thin layer of 
sand, and placed in a greenhouse. The pots were 
wetted on November 2, 2007. After germination, 
the pots were thinned to one representative 
plant/pot. The experimental design was 
randomized complete block, with five replicate 
pots of each soil x treatment combination. The 
greenhouse was maintained at 75/70ºF day/
night. Watering was done daily with a calcium 
nitrate solution containing 100 ppm N. Whole 
plants were harvested on December 19 (47 
days after sowing). The plants were oven-dried, 
weighed, ground and analyzed for P content.

A laboratory incubation experiment was 
conducted to evaluate the effects of the humic 
acid formulations on soil microbial activity, and 
microbial community structure. Two agricultural 
soils were selected, one a low organic matter 
soil from the San Joaquin Valley, one a higher 
organic matter soil from the Salinas Valley; 
physiochemical characteristics are given in Table 
3. The soils were air-dried, passed through a five-
millimeter screen, and blended for uniformity. 
One hundred grams of dry soil was placed in 
glass jars of one-liter volume. The soil was wetted 
to field capacity moisture content by adding 
water alone, P fertilizer solution, humic acid 
solution, or a solution containing both humic 
acid and P fertilizer. The concentrations of P 
and humic acids were calculated to represent 
the concentration of these materials in a banded 
application of 20 pounds P2O5 and two pounds 
a.i. humic acid per acre. Four replicate jars of 

each humic acid/P fertilizer combination per 
soil were prepared along with unfertilized and 
P-fertilized controls. Once wetted, the jars were 
sealed and placed in a 77ºF chamber for seven 
days. After three and seven days samples of the 
headspace air were removed from the jars and 
analyzed for CO2 concentration; from these 
data the milligrams of carbon mineralized by 
microbial activity was calculated. At the end 
of seven days, the jars were removed from the 
chamber, and 50 grams of wet soil removed 
from each jar. These soil samples were analyzed 
for phospholipid fatty acid (PLFA) analysis by 
gas chromatography. This technique provides a 
profile of the active microbial communities in 
the soil (fungi, bacteria, etc.).

A drip-irrigated field experiment was conducted 
at University of California, Davis. A field of 
silt loam soil with an Olsen P value of 12 ppm 
was prepared with 60-inch wide raised beds. 
On April 18, 2008, a pre-transplanting banded 
application of fertilizer was applied four to five 
inches deep, offset approximately one inch from 
the bed center. The treatments applied included 
each of the humic acid formulations at both a 
one- and three-pound a.i. rate applied with 10-
34-0 fertilizer, a P-fertilized control and a no P 
control. In all treatments receiving P fertilization, 
70 pounds P2O5 per acre were applied. The 
humic acid materials were thoroughly blended 
with the 10-34-0 before application to simulate 
commercial use. The control not receiving P 
fertilization received preplant N equivalent to 
that contained in the 10-34-0 fertilizer. The field 
was transplanted with Heinz 9780 processing 
tomato plants on April 24. The experimental 
design was randomized complete block with five 
replications; individual single row plots were 
100 feet long. One month after transplanting, 
four whole plants per plot were harvested, dried 
and analyzed for P concentration. At commercial 
maturity, the plots were mechanically harvested 
and marketable yield determined.
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RESULTS

P fertilization had a profound influence on 
lettuce growth in all soils (Table 4); unfertilized 
treatments in Soils 1 and 2 were severely 
P-limited; however, only in Soil 3 did the 
addition of a humic acid formulation with P 
fertilizer increase lettuce growth above that 
of P fertilization alone. In the absence on 
P fertilization, no humic acid formulation 
increased lettuce growth in any soil. Similarly, 
humic acids did not increase lettuce P uptake 
(Table 5). In the incubation experiment P 
fertilization stimulated soil microbial activity 
in both soils, while humic acids caused a small 
but statistically significant stimulation only after 

seven days, and only in the lower organic matter 
soil (Table 6). In that low organic matter soil, 
humic acids increased the detectable amounts of 
phospholipid fatty acids that are correlated with 
fungi, bacteria and actinomycetes (Table 7). In 
the higher organic matter soil, the application of 
humic acids was not stimulatory; in fact, the P-
fertilized control had higher PLFA levels than the 
humic treatments.

In the field experiment P fertilization increased 
early plant growth, plant P concentration and 
fruit yield (Table 8). However, humic acids did 
not improve any aspect of crop performance 
compared with the P-fertilized control.

Table 1.  
Commercial humic acid products being tested.

Humic formulation Humic acid content Form Manufacturer

Actagro Humic Acid 10% Liquid Actagro, LLC

Actagro Liquid Humus 11% Liquid Actagro, LLC

Organo Liquid Hume 6% Liquid Black Earth Humates, Ltd.

Quantum-H 6% Liquid J.R. Simplot Co.

ESP-50 50% Powder Earthgreen Products, Inc.

Table 2.  
Physiochemical properties of the soils used 
in the greenhouse experiment.

Soil attribute Soil 1 Soil 2 Soil 3 Soil 4

Location Fresno County Fresno County Yolo County Yolo County

Texture Sandy clay loam Clay loam Loam Loam

CEC (meq/100 g) 18.9 23.6 19.3 21.7

Olsen P (ppm)   3.0   5.0 12.0 10.0

Table 3. 
 Physiochemical properties of the soils used in 
the laboratory incubation experiment  

Soil attribute Soil 1 Soil 2

Texture Sandy clay loam Loam

pH  7.8  7.9

Organic matter (%)  0.8   2.46

Olsen P (ppm)  7.0 59.0

NO
3
-N (ppm) 23.0   8.0
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Table 4.  
Effect of humic acid formulation and P fertilizer on 
lettuce plant dry weight, greenhouse experiment.

Lettuce dry weight (g/plant)

Treatment Soil 1 Soil 2 Soil 3 Soil 4

Actagro Humic Acid  0.19 bz 0.43 b 0.86 d 1.37 b 

Actagro Liquid Humus 0.19 b 0.44 b 0.96 d 1.24 b 

Organo Liquid Hume 0.28 b 0.52 b 0.92 d 1.03 b 

Quantum-H 0.26 b 0.61 b 0.81 d 1.10 b 

ESP-50 0.36 b 0.65 b 0.91 d 1.29 b 

Actagro Humic Acid + P 1.64 a 1.72 a 3.44 a 2.96 a 

Actagro liquid Humus + P 1.73 a 1.87 a 3.28 ab 2.78 a 

Organo Liquid Hume + P 1.91 a 1.52 a 3.44 a 2.99 a 

Quantum-H + P 1.67 a 1.91 a 3.02 abc 2.49 a 

ESP-50 + P 1.91 a 1.48 a 2.63 c 3.20 a 

P alone 2.08 a 1.89 a 2.69 bc 2.74 a 

No humic acid or P 0.21 b  0.50 b 0.79 d 1.06 b 

     

 Contrasts     

Humics alone vs. humics + P ** ** ** **

Humics + P vs. P alone ns ns * ns

Humics alone vs. no humics 
or P  

ns ns ns ns

z mean separation within columns by Duncan’s multiple range test, p < 0.05.
ns, *, ** not significant at p < 0.05, or significant at p< 0.05 or 0.01, respectively.
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Table 5.  
Effect of humic acid formulation and P fertilizer 
on lettuce P uptake, greenhouse experiment.  

z mean separation within columns by Duncan’s multiple range test, p < 0.05.
ns, *, ** not significant at p < 0.05, or significant at p< 0.05 or 0.01, respectively.

Lettuce P uptake (mg/plant)

Treatment Soil 1 Soil 2 Soil 3 Soil 4

Actagro Humic Acid  0.36 bz  0.82 c   1.91 c    4.28 c 

Actagro Liquid Humus 0.42 b  0.93 c   2.06 c    3.81 c 

Organo Liquid Hume 0.51 b 1.11 c   1.90 c    3.10 c 

Quantum-H 0.55 b 1.18 c   1.83 c    3.20 c 

ESP-50 0.80 b 1.43 c   2.05 c    3.55 c 

Actagro Humic Acid + P 6.72 a 6.40 ab 19.85 a  14.60 b 

Actagro liquid Humus + P 6.52 a 6.74 ab 19.72 a  16.95 ab 

Organo Liquid Hume + P 7.35 a 6.08 ab 17.68 a  16.63 ab 

Quantum-H + P 6.59 a 7.04 a 18.80 a  14.96 b 

ESP-50 + P 7.38 a 5.48 b  12.76 b 20.57 a 

P alone 7.52 a 6.56 ab  15.66 ab  15.39 b 

No humic acid or P 0.48 b 1.03 c    1.68 c    2.80 c 

     

 Contrasts     

Humics alone vs. humics + P ** ** ** **

Humics + P vs. P alone ns ns ns ns

Humics alone vs. no humics 
or P  

ns ns ns ns
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Table 6.  
Effects of humic acid formulation and P fertilization 
on soil microbial activity (mg carbon mineralized / jar), 
incubation experiment.

Soil 1 Soil 2

Treatment 3 days 7 days 3 days 7 days

Actagro Humic Acid    2.22 bz 4.27 c 6.27 e    8.86 e

Actagro Liquid Humus   2.34 b 4.06 c 6.50 de   9.36 d

Organo Liquid Hume   2.23 b 3.90 c 6.58 d   9.27 de

Quantum-H   2.24 b 3.93 c 6.25 e   8.84 e

ESP-50  2.29 b 4.19 c 6.29 de   8.91 de

Actagro Humic Acid + P   2.84 a 5.69 b 7.35 c 10.77 bc

Actagro liquid Humus + P   2.48 a 5.84 b 7.52 bc 11.06 ab

Organo Liquid Hume + P   2.85 a 5.83 b 7.90 a 11.26 a

Quantum-H + P   3.04 a 6.30 a 7.26 c 10.56 c

ESP-50 + P   3.04 a 5.89 ab 7.84 a 11.24 a

P alone   2.86 a 5.45 b 7.71 ab 11.22 a

No humic acid or P   2.32 b 3.99 c 6.40 de   9.12 de

Contrasts

Humics alone vs. humics + P ** ** ** **

Humics + P vs. P alone ns ** ns ns

Humics alone vs. no humics or P  ns ns ns ns

z mean separation within columns by Duncan’s multiple range test, p < 0.05.
ns, *, ** not significant at p < 0.05, or significant at p< 0.05 or 0.01, respectively
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Table 7.  
Effects of humic acid formulations and P fertilization 
on the amount of phospholipid fatty acids detectable 
in soil (nmol / g dry soil), incubation experiment.

Phospholipid fatty acids detected (nmol/g dry soil)

Soil Treatment(s) Total Fungi Bacteria Actinomycetes

1 All humic acids 
alone

26.3 5.7 13.8 1.46

All humic acids + P 29.1 6.3 15.2 1.57

P alone 22.0 4.4 11.6 1.27

No humics or P 14.9 2.6 8.0 1.09

Contrasts

Humics alone vs. humics + P * ns * ns

Humics + P vs. P alone ** * ** *

Humics alone vs. no humics or P  ** ** ** **

P alone vs. no humics or P ** ** ** ns

2 All humic acids 
alone

54.7 11.9 30.5 3.05

All humic acids + P 51.4 11.9 28.7 2.89

P alone 59.3 13.6 33.0 3.32

No humics or P 54.3 12.4 30.3 3.10

Contrasts

Humics alone vs. humics + P ns ns ns ns

Humics + P vs. P alone ** ** ** **

Humics alone vs. no humics or P  ns ns ns ns

P alone vs. no humics or P ns ns ns ns

ns, *, ** not significant at p < 0.05, or significant at p< 0.05 or 0.01, respectively.
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Table 8.  
Effect of humic acid formulations and P fertilization on 
processing tomato early growth, plant P concentration 
and marketable fruit yield, field experiment.

z mean separation within columns by Duncan’s multiple range test, p < 0.05.
ns, *, ** not significant at p < 0.05, or significant at p< 0.05 or 0.01, respectively.

Treatment Humic acid rate
(lb a.i./acre)

Plant dry weight 
(g)

Plant P concentration 
(% dry weight)

Mkt. fruit yield 
(tons/acre)

Actagro Humic Acid    1 21.0 abz 0.46 a 50.6 ab

Actagro Liquid Humus    23.2 a 0.40 b 48.9 ab

Organo Liquid Hume    20.5 ab 0.39 b 51.4 a

Quantum-H    23.1 a 0.44 ab 48.2 ab

ESP-50   22.8 a 0.40 b 49.0 ab

Actagro Humic Acid     3 20.9 ab 0.43 ab 47.4 ab

Actagro liquid Humus     21.4 ab 0.44 ab 51.0 ab

Organo Liquid Hume     23.6 a 0.40 b 52.3 a

Quantum-H      20.8 ab 0.45 a 50.2 ab

ESP-50      21.6 ab 0.40 b 51.9 a

P alone    21.7 ab 0.39 b 51.4 ab

No humic acid or P   17.4 b 0.34 c 46.4 b

Contrasts

Humic @ 1 lb vs. 3 lb rate  ns ns ns

All humic treatments vs. P alone  ns ns ns

All P treatments  vs. no P control  ** ** *
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INTRODUCTION

California avocado growers must increase yield, 
including fruit size, and/or reduce production 
costs to remain competitive in the U.S. market, 
which now receives fruit from Mexico, Chile, 
New Zealand, Australia, Dominican Republic, 
Peru and Ecuador (Figure 1) and soon South 
Africa and Brazil.

Optimizing the nutrient status of the ‘Hass’ 
avocado (Persea americana Mill.) is a cost-effective 
means to increase yield, fruit size and quality, but 
the California avocado industry has no reliable 
diagnostic tool relating tree nutrient status with 
yield parameters. For the ‘Hass’ avocado of 
California, experiments for only N, Zn and Fe have 
been conducted to determine the optimal leaf 
concentration for maximum yield (Crowley, 1992; 
Crowley and Smith, 1996; reviewed in Lovatt and 
Witney, 2001). Alarmingly, leaf N concentration 
was not related to yield (Lovatt and Witney, 2001). 
Optimum ranges for nutrients other than N, Zn 
and Fe used for interpreting leaf analyses for the 
‘Hass’ avocado are borrowed from citrus and, thus, 
are not related to any avocado yield parameter. 
Moreover, since optimal ranges for most nutrients 
are not known, current ranges for N, Zn and Fe 
are likely inaccurate, since they were determined 
under conditions where availability of one or 
more nutrients might have limited yield. 

The project’s objective is to test the feasibility of 
using tissues that have frequently proven more 
sensitive and reliable than leaves to diagnose 
deficiencies of the ‘Hass’ avocado sufficiently 
early that corrective measures would have a 
positive effect on yield parameters during the 
current year, not just the following year. Based on 
results obtained by avocado researchers in Chile 
(Razeto and Granger, 2001; Razeto et al., 2003; 
Razeto and Salgado, 2004), it is highly likely that 
peduncle and/or inflorescence tissue will meet 
the criteria essential for an effective diagnostic 
tool for ‘Hass’ avocado fertility fertilizer 
management in California. 

However, it must be noted that additional 
research would be required to develop the 
broader database required to have confidence in 
the relationship between nutrient concentrations 
in peduncle and/or inflorescence tissue and yield 
or fruit size than would be provided by the two 
data sets that will be obtained in this proposed 
two-year study. Hence, this is a feasibility study 
designed to determine whether a better tool for 
assessing ‘Hass’ avocado tree nutrient status can 
be developed.

OBJECTIVES

The specific objectives of this project are as 
follows: 

1	 To determine the sensitivity of the flower, 
entire inflorescence, and fruit peduncle to 
differences in tree nutrient status.

2 	 To determine if the nutrient concentrations of 
the tissues above are related to fertilizer rate 
and to yield parameters.

3 	 To determine if differences in tissue nutrient 
concentrations related to yield can be 
detected sufficiently early to be corrected 
before they impact yield, fruit size or fruit 
quality in the current year.

DESCRIPTION

Tissues will be collected as follows: Entire 
inflorescence at the cauliflower stage and at full 
bloom; flowers at full bloom; and peduncle 
of young fruit in June-July (which is before 
exponential increase in fruit size and June drop 
of the current crop, start of mature fruit drop 
and transition from vegetative to reproductive 
growth), in November at the end of the fall 
vegetative flush. Sample collection is repeated 
the following year. Standard leaf collection will 
be in September each year. Samples will be 
collected from 16 individual ‘Hass’ avocado trees 
on the diagonal across orchards (with different 
but known rootstocks) located in Pauma 
Valley, Irvine, Santa Paula (high N and B site), 
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San Luis Obispo and from trees receiving best 
management practice (BMP) N vs. BMP NPK and 
0.8x N vs. 0.8x NPK in both July and August at a 
new research site in Santa Barbara. Tissue will be 
analyzed for N, S, P, K, Mg, Ca, Fe, Zn, Mn, B, Cu, 
and Cl. At harvest, yield (number and kilogram 
of fruit), fruit size distribution, and fruit quality 
will be determined per tree. 

The project is a success if one, or more, tissue a) 
is sensitive to differences in tree nutrient status, 
b) has a nutrient content related to fertilizer 
rate and yield, fruit size and quality, and c) 
reveals nutrient deficiencies sufficiently early that 
correction will improve yield in the current year.

RESULTS AND CONCLUSIONS

The research was initiated with the start of 
funding in July 2007. Due to the freeze, orchards 
that we had planned to use had to be replaced 
with new ones. The first sampling date was 
September, the standard time for collecting 
avocado leaves for analysis. At this time, we also 
collected fruit peduncles for nutrient analysis for 
comparison with leaf analyses. 

Due to the number of research sites, sampling 
dates and different tissues sampled, we have a 
huge and complex set of data. Different statistical 
analytical techniques are being used to mine this 
data set. For simplicity, results from one of our 
research orchards are presented here to provide 
an example of the information obtained. In this 
example, we used harvest data and peduncle 
tissue and standard leaf samples (Embleton et 
al., 1973) nutrient analyses. Using correlations 
and regression analyses, we determined which 
nutrients in each tissue significantly positively 
or negatively influence each yield parameter, i.e., 
total yield in kilograms and number of fruit per 
tree, and fruit size distribution based on packing 
carton fruit sizes. Packing carton fruit sizes are 
based on grams per fruit, as follows: size 84 
(99 to 134 grams); size 70 (135 to 177 grams); 
size 60 (178 to 212 grams); size 48 (213 to 269 

grams); size 40 (270 to 325 grams); size 36 (326 
to 354 grams); and size 32 (355 to 397 grams). 

For significant relationships, an equation 
predicting how the yield parameter will change 
with a change in the tissue concentration of 
the nutrient was generated. Using stepwise 
regression analyses, we can predict the most 
important combination of nutrients for each 
yield parameter. In this statistical analysis of 
the data, we found no significant relationships 
between leaf nutrient concentrations and 
total yield or fruit size. In contrast, there were 
significant relationships between the nutrient 
concentrations in peduncle tissue and yield 
parameters. For example, 98% of the variation 
in total yield for the trees in this orchard was 
explained by peduncle concentrations of four 
nutrients (in order of importance) Cu + N + Mn 
+ B (P = 0.0002). Similarly, 86% of the variation 
in the yield of commercially valuable fruit of 
packing carton sizes 60 + 48 + 40 could be 
explained by four different nutrients (in order of 
significance) Ca + Zn + Mg + N (P = 0.0233). For 
small size fruit of packing cartons size 84 + 70, 
98% of the variation in yield was due (in order 
of significance) to Cu + P + B + Mn (P = 0.0002). 
As suspected, ‘Hass’ avocado tree nutrient status 
related to high total yield is also related to a high 
yield of small size fruit. Keep in mind examples 
are from only two tissues sampled on one date in 
a single orchard.

It is anticipated that the results of our research 
will identify a tissue(s) and a time(s) of analysis 
that is responsive to fertilizer treatment, related 
to tree growth and yield parameters and 
predictive of yield. With these results, an annual 
tissue sampling strategy can be developed to 
provide avocado growers with a more sensitive 
tool to better manage their fertilizer inputs and 
reduce costs, while increasing yield, fruit size, 
fruit quality and net profit and protecting the 
environment from fertilizer over-use.



82

16TH ANNUAL CDFA FERTILIZER RESEARCH & EDUCATION PROGRAM CONFERENCE
Summaries of Other Ongoing FREP Research Projects

Literature Cited

Crowley, D.E. 1992. Soil fertility and the 
mineral nutrition of avocado: the physical, 
chemical, and biological properties of soil and 
their importance in the culture of avocado. 
California Avocado Development Organization 
and The California Avocado Society, Circular 
No. CAS-92/1, 26 p. 

Crowley, D.E. and W. Smith. 1996. Zinc 
fertilization of avocado trees. HortScience 
31:224-229. 

Lovatt, C.J. and G. Witney. 2001. AvoResearch 
1(3):1-4, 11. 

Razeto, B. and C. Granger. 2001. Análisis químico 
del pendúnculo del fruto y la inflorescencia, 
posibles herramientas de diagnóstico 
nutricional en palto (Persea americana Mill.),  
p. 73. In: Resúmenes. 52º Congreso 
Agronómico de Chile, Quillota, Chile.

Razeto, B., C. Granger, and T. Fichet. 2003. 
Análisis de diferentes tejidos como indicadores 
del nivel de boro en el árbol de aguacate 
(Persea americana Mill.). (Analysis of different 
tissues as indicators of boron level in avocado 
[Persea americana Mill.]). Proceedings, V World 
Avocado Congress 1:359–363.

Razeto, B. and J. Salgado. 2004. The influence of 
fruit peduncle as indicators of nitrogen status of 
the avocado tree. HortScience 39(6):1173–1174.

2
N

ov 3 4
D

ec 6 7 8
Ja

n
1
0

1
1

1
2

1
3

Fe
b

1
5

1
6

1
7

M
ar 1
9

2
0

2
1

A
pr 2
3

2
4

2
5

2
6

M
ay 2
8

2
9

3
0

3
1

Ju
n

3
3

3
4

3
5

Ju
l

3
7

3
8

3
9

A
ug 4
1

4
2

4
3

4
4

S
ep 4
6

4
7

4
8

O
ct 5
0

5
1

5
2

30

25

20

15

10

5

Week Number

M
ill

io
ns

 o
f 
P

ou
nd

s

California Chile Other Mexico Actual Hass Volume*

*Chile and Mexico figures represent arrivals into U.S. market. All other figures reflect 
  Avocado Marketing Research and Information Center (AMRIC) shipment volume.

  Data designed by Gwen Peterson, AMRIC

Figure 1
‘Hass’ avocado fruit (in millions of pounds) 
arriving weekly from Chile, Mexico and other 
countries into the U.S. and competing with 
California grown avocados in the U.S. markets. 
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INTRODUCTION

Under waste discharge requirements adopted 
by the Central Valley Regional Water Quality 
Control Board (Order No. R5-2007-0035), 
all dairy producers must implement nutrient 
management plans (NMP). The NMPs must 
be developed and signed by Certified Crop 
Adviser (CCA) or other certified professionals. 
The technical standards for the NMPs include 
unprecedented annual nitrogen loading limits for 
each field, and the regulation requires a detailed 
monitoring and reporting program including 
manure, plant, soil, and water sampling and 
analyses. We are collaborating with the California 
Certified Crop Adviser (CCA) board to train crop 
management professionals in the agronomic 
aspects of manure management to enable them 
to better serve the dairy industry.

OBJECTIVES

1 	 Produce a manure and crop nutrient 
management curriculum in the form of 
educational modules to be made available 
on the internet in downloadable format. 
Additionally the modules will be formatted 
for use in short courses or workshops both 
initially and in continuing education.

2 	 Develop a set of multiple choice questions 
and an accompanying set of performance 
objectives on manure nutrient management 
suitable for use by the California Certified 
Crop Adviser program in the state CCA 
examination.

3 	 Conduct workshops for crop management 
professionals on crop nutrient management 
and dairy manure use in the Central Valley 
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2 	 A workshop was conducted in May 2008 
at three locations in the Central Valley. A 
total of 205 persons attended, including 67 
CCAs and 18 USDA NRCS staff members. 
Continuing education units (3.5 units in the 
nutrient management category) were awarded 
to the CCAs. A total of seven new handouts 
were produced for this workshop series, not 
including PowerPoint presentations.

3 	 A bank of 20 questions on manure nutrient 
management is in preparation for use by the 
California Certified Crop Adviser program in 
its 2009 examination.

4 	 A two-day workshop will be conducted in two 
locations in the fall of 2008 to cover more 
detailed aspects of nutrient management 
planning for crops using dairy manure. 

ACKNOWLEDGEMENTS

This project is supported mainly by the 
California Department of Food and Agriculture’s 
Fertilizer Research and Education Program and 
the California Dairy Research Foundation. We are 
also coordinating activities with the California 
Dairy Quality Assurance Program (CDQAP). 
The CDQAP is a multi-organization partnership 
of government, industry, and university that 
is promoting environmental stewardship by 
dairy producers. Since the adoption by the 
aforementioned waste discharge regulations for 
dairies, the CDQAP has taken a leadership role in 
educating producers about manure management. 
Our project is using some of the CDQAP 
educational materials and is organizing fall 2008 
workshops in coordination with the CDQAP’s 
own set of workshops for allied industry.

region. The workshops will target CCAs, 
NRCS technical service providers (TSPs) and 
USDA Natural Resource Conservation Service 
(NRCS) staff who are certified planners of 
comprehensive nutrient management plans.

ACCOMPLISHMENTS

As of September 2008, accomplishments are the 
following:

1 	 Development of curriculum materials begun 
with technical bulletins in preparation on the 
topics shown in the following table:

a Introduction to dairy manure tech  
guide series

b Potential environmental impacts of dairy 
manure applications to cropland

c Regulatory aspects of dairy manure 
nutrient management 

d USDA cost-share programs related to 
dairy manure recycling

e Dairy manure properties

f Manure sampling and analysis

g Estimating manure N availability

h N cycling and losses from the soil

i Soil testing and estimating soil N 
availability

j Crop N Requirements and harvest 
removal

k Legume N credit for crops following 
alfalfa

l Plant sampling

m Irrigation water N testing

n Whole farm N balance and actions to 
address imbalance

o Nutrient management planning and 
budgeting with examples

p Dairy infrastructure requirements for 
agronomic nutrient management

q Irrigation system performance basics

r Lagoon water calculations

s Sources of information
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To view the full final reports, please visit the California Department of Food and Agriculture’s Fertilizer 
Research and Education Program website at www.cdfa.ca.gov/is/fflders/frep.html; or, you may contact the 
program at frep@cdfa.ca.gov, (916) 445-0444 to obtain printed copies.

FRUIT, NUT AND VINE CROPS
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Long-Term Nitrate Leaching Below the Root Zone in California Tree Fruit Orchards 
(Thomas Harter, 2004)

The Effect of Nutrient Deficiencies on Stone Fruit Production and Quality - Part II 
(Scott Johnson, 2004)

Development of Nitrogen Best Management Practices for the “Hass” Avocado 
(Carol Lovat, (2002)

Relationship between Fertilization and Pistachio Diseases 
(Themis J. Michailides, 2002)

Development of Nitrogen Fertilizer Recommendation Model for California Almond Orchards 
(Patrick Brown and Steven A. Weinbaum, 2000)

Fertilizer Use Efficiency and Influence of Rootstocks on Uptake and Nutrient Accumulation  
in Winegrapes 
(Larry Williams, 2000)

Influence of Irrigation Management on Nitrogen Use Efficiency, Nitrate Movement, and Groundwater 
Quality in a Peach Orchard 
(R. Scott Johnson, 1995)

Using High Rates of Foliar Urea to Replace Soil-Applied Fertilizers in Early Maturing Peaches 
(R. Scott Johnson and Richard Rosecrance, 1995)

Avocado Growers Can Reduce Soil Nitrate Groundwater Pollution and Increase Yield and Profit 
(Carol Lovatt, 1995)

Relationship Between Nitrogen Fertilization and Bacterial Canker Disease in French Prune 
(Steven Southwick, Bruce Kirkpatrick and Becky Westerdahl, 1995)

Effects of Four Levels of Applied Nitrogen on Three Fungal Diseases of Almond Trees 
(Beth Teviotdale, 1994)

Development of Nitrogen Fertilizer Recommendation Model for California Almond Orchard 
(Steve Weinbaum, 1993)



87

16TH ANNUAL CDFA FERTILIZER RESEARCH & EDUCATION PROGRAM CONFERENCE
List of Completed FREP Research Projects

Nitrogen Efficiency in Drip-Irrigated Almonds 
(Robert J. Zasoski, 1993)

Development of Diagnostic Measures of Tree Nitrogen Status to Optimize Nitrogen Fertilizer Use 
(Patrick Brown, 1992)

Field Evaluation of Water and Nitrate Flux through the Root Zone in a Drip/Trickle-Irrigated Vineyard 
(Donald W. Grimes, 1992)

Crop Management for Efficient Potassium Use and Optimum Winegrape Quality 
(Mark A. Matthews, 1992)

Potential Nitrate Movement below the Root Zone in Drip-Irrigated Almonds 
(Roland D. Meyer, 1992)

Citrus Growers Can Reduce Nitrate Groundwater Pollution and Increase Profits by Using  
Foliar Urea Fertilization 
(Carol J. Lovatt, 1991)

Nitrogen Fertilizer Management to Reduce Groundwater Degradation 
(Steve Weinbaum, 1991)

VEGETABLE CROPS

Reevaluating Tissue Analysis as a Management Tool for Lettuce and Cauliflower 
(T.K. Hartz, 2007)

Detecting and Correcting Calcium Limitations 
(T.K. Hartz, 2006)

Evaluation of Polyacrylamide (Pam) for Reducing Sediment and Nutrient Concentration in Tailwater 
from Central Coast Vegetable Fields 
(Michael Cahn, 2005)

Potassium Fertility Management for Optimum Tomato Yield and Fruit Color 
(T.K. Hartz, 2005)

Efficient Phosphorus Management in Coastal Vegetable Production 
(T.K. Hartz, 2004)

Evaluation of Controlled-Release Fertilizers for Cool Season Vegetable Production in the Salinas Valley 
(Richard Smith, 2004)

Reducing Fertilizer Needs of Potato With New Varieties and New Clonal Strains of Existing Varieties 
(Ronald Voss, 2004)

Effect of Different Rates of N And K on Drip-Irrigated Beauregard Sweet Potatoes 
(Bill Weir, 2004)

Efficient Irrigation for Reduced Non-Point Source Pollution from Low Desert Vegetables 
(Charles Sanchez, Dawit Zerrihun and Khaled Bali, 2003)
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Evaluating and Demonstrating the Effectiveness of In-Field Nitrate Testing in Drip- and Sprinkler-
Irrigated Vegetables 
(Marc Buchanan, 2002)

Site-Specific Farming Information Systems in a Tomato-Based Rotation in the Sacramento Valley 
(Stuart Pettygrove, 2002)

Water and Fertilizer Management for Garlic: Productivity, Nutrient and Water Use Efficiency and 
Postharvest Quality 
(Marita Cantwell, Ron Voss and Blaine Hansen, 2001)

Determining Nitrogen Best Management Practices for Broccoli Production in the San Joaquin Valley 
(Michelle Lestrange, Jeffrey Mitchell and Louise Jackson, 2001)

Soil Testing to Optimize Nitrogen Management for Processing Tomatoes 
(Jeffrey Mitchell, Don May and Henry Krusekopf, 2001)

Winter Cover Crops Before Late-Season Processing Tomatoes for Soil Quality and Production Benefits 
(Gene Miyao and Paul Robins, 2001)

Demonstration of Pre-Sidedress Soil Nitrate Testing as a Nitrogen Management Tool 
(T.K. Hartz, 2000)

Drip Irrigation and Fertigation Scheduling for Celery Production 
(T.K. Hartz, 2000)

Effects of Irrigation Non-Uniformity on Nitrogen and Water Use Efficiencies in Shallow-Rooted 
Vegetable Cropping Systems 
(Blake Sanden, Jeffrey Mitchell and Laosheng Wu, 1999)

On-Farm Demonstration and Education to Improve Fertilizer Management 
(Danyal Kasapligil, Eric Overeem and Dale Handley, 1996)

Evaluation of Controlled Release Fertilizers and Fertigation in Strawberries and Vegetables 
(Warren Bendixen, 1995)

Diagnostic Tools for Efficient Nitrogen Management of Vegetables Produced in the Low Desert 
(Charles Sanchez, 1995)

Development and Promotion of Nitrogen Quick Tests for Determining Nitrogen Fertilizer  
Needs of Vegetables 
(Kurt Schulbach and Richard Smith, 1995)

Nitrogen Management through Intensive on-Farm Monitoring 
(T.K. Hartz, 1994)

Use of Ion Exchange Resin Bags to Monitor Soil Nitrate in Tomato Cropping Systems 
(Robert Miller, 1994)

Improvement of Nitrogen Management in Vegetable Cropping Systems in the Salinas Valley and 
Adjacent Areas 
(Stuart Pettygrove, 1994)



89

16TH ANNUAL CDFA FERTILIZER RESEARCH & EDUCATION PROGRAM CONFERENCE
List of Completed FREP Research Projects

Optimizing Drip Irrigation Management for Improved Water and Nitrogen Use Efficiency 
(T.K. Hartz, 1992)

FIELD CROPS

Fertilization Technologies for Conservation Tillage Production Systems in California 
(Jeffrey Mitchell, 2008)

Site-Specific Fertilizer Application in Cotton 
(Richard Plant, 2008)

Fertility Management in Rice 
(Chris Van Kessel, 2008)

Effects of Cover Cropping and Conservation Tillage on Sediment and Nutrient Losses to Runoff in 
Conventional and Alternative Farming Systems 
(William R. Horwath et al., 2006)

Leaf Color Chart for California Rice 
(Randal Mutters, 2006)

Field Evaluations And Refinement of New Nitrogen Management Guidelines for Upland Cotton: 
Plant Mapping, Soil and Plant Tissue Tests 
(Robert Hutmacher, 2005)

Location of Potassium-Fixing Soils in the San Joaquin Valley and a New, Practical Soil K Test Procedure 
(Stuart Pettygrove, 2004)

Precision Agriculture in California: Developing Analytical Methods to Assess Underlying Cause and 
Effect within Field Yield Variability 
(Chris Van Kessel, 2004)

Development and Demonstration of Nitrogen Best Management Practices for Sweet Corn  
in the Low Desert 
(Jose Aguiar, 2003)

Development of Irrigation and Nitrogen-Fertilization Programs for Turfgrass 
(Robert Green, 2002)

Nitrogen Fertilization and Grain Protein Content in California Wheat 
(Lee Jackson, 2002)

Nitrogen Budget in California Cotton Cropping Systems 
(William Rains, Robert Travis and Robert Hutmacher, 2002)

Potassium Responses in California Rice Fields as Affected by Straw Management Practices 
(Chris Van Kessel, 2002)

Long Term Rice Straw Incorporation: Does It Impact Maximum Yield? 
(Chris Van Kessel and William Horwath, 2002)

Development and Testing of Application Systems for Precision Variable Rate Fertilization 
(Ken Giles, 2001)
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Interaction of Nitrogen Fertility Practices and Cotton Aphid Population Dynamics in California Cotton 
(Larry Godfrey and Robert Hutmacher, 2001)

Developing Site-Specific Farming Information for Cropping Systems in California 
(G. Stuart Pettygrove et.al., 2000)

Management of Nitrogen Fertilization in Sudangrass for Optimum Production, Forage Quality and 
Environmental Protection 
(Dan Putnam, 2000)

Effects of Various Phosphorus Placements on No-Till Barley Production 
(Michael J. Smith, 1994)

Establishing Updated Guidelines for Cotton Nutrition 
(Bill Weir and Robert Travis, 1994)

Impact of Microbial Processes on Crop Use of Fertilizers from Organic and Mineral Sources 
(Kate M. Scow, 1992)

HORTICULTURE CROPS

Nitrogen Run-off in Woody Ornamentals 
(Donald J. Merhaut, 2006)

Precision Horticulture: Technology Development and Research and Management Applications 
(Patrick Brown, 2004)

Development of Fertilization and Irrigation Practices for Commercial Nurseries 
(Richard Evans, 2001)

IRRIGATION AND FERTIGATION

Ammonia Emission from Nitrogen Fertilizer Application 
(Charles Krauter, 2008)

Precision Fertigation in Orchards: Development of a Spatially Variable Microsprinkler System 
(Michael Delwiche et al., 2006)

Crop Nitrate Availability and Nitrate Leaching under Micro-Irrigation for Different Fertigation Strategies 
(Blaine Hanson and Jan W. Hopmans, 2006)

Agricultural Baseline Monitoring and BMP Implementation: Steps Towards Meeting TMDL 
Compliance Deadlines within the Newport Bay/ San Diego Creek Watershed 
(Laosheg Wu and John Kabshima, 2002)

Development of Irrigation and Nitrogen Fertilization Programs on Tall Fescue to Facilitate Irrigation 
Water Savings and Fertilizer-Use Efficiency 
(Robert Green and Victor Gibeault, 2001)

Uniformity of Chemigation in Micro-irrigated Permanent Crops 
(Larry Schwankl, Terry Prichard, 2001)
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EDUCATIONAL AND MISCELLANEOUS

Development of BMPs for Fertilizing Lawns to Optimize Plant Performance and Nitrogen Uptake 
While Reducing the Potential for Nitrate Leaching 
(Robert Green et al., 2007)

California Certified Crop Advisor 
(Crum/Stark, 2006)

Environmental Compliance and Best Management Practice Education for Fertilizer Distributors 
(Renee Pinel, 2005)

Teach the Teachers: Garden-Based Education about Fertility and Fertilizers 
(Peggy S. McLaughlin, 2004)

California State Fair Farm Upgrade Project 
(Michael Bradley, Joe Brengle and Teresa Winovitch, 2003)

Nitrogen Mineralization Rate of Biosolids and Biosolids Compost 
(T.K. Hartz, 2003)

On-Farm Monitoring and Management Practice Tracking for Central Coast Watershed Working Groups 
(Kelly Huff, 2002)

Development of an Educational Handbook on Fertigation for Grape Growers 
(Glenn T. McGourty, 2002)

Agriculture and Fertilizer Education for K-12 
(Pamela Emery and Richard Engel, 2001)

California Certified Crop Advisor Management Project 
(Hank Giclas, 2001)

From the Ground Up: A Step-By-Step Guide to Growing a School Garden 
(Jennifer Lombardi, 2001)

Nitrogen Budgeting Workshops 
(Jim Tischer, 2001)

Irrigation and Nutrient Management Conference and Trade Fair 
(Sonya Varea Hammond, 2001)

Improving the Fertilization Practices of Southeast Asians in Fresno and Tulare Counties 
(Richard Molinar and Manuel Jimenez, 2000)

Integrating Agriculture and Fertilizer Education into California’s Science Framework Curriculum 
(Mark Linder and Pamela Emery, 1997)

Survey of Changes in Irrigation Methods and Fertilizer Management Practices in California 
(John Letey, Jr., 1996)

Irrigation and Nutrient Management Conference and Trade Fair 
(Danyal Kasapligil, 1995)
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Western States Agricultural Laboratory Proficiency Testing Program 
(Janice Kotuby-Amacher and Robert O. Miller, 1995)

Education through Radio 
(Patrick Cavanaugh, 1994)

Extending Information on Fertilizer Best Management Practices and Recent Research Findings for 
Crops in Tulare County 
(Carol Frate, 1993)

Determination of Soil Nitrogen Content In-Situ 
(Shrini K. Updahyaya, 1993)

Educating California’s Small and Ethnic Minority Farmers: Ways to Improve Fertilizer Use Efficiency 
through the Use of Best Management Practices (BMPs) 
(Ronald Voss, 1993)

Nitrogen Management for Improved Wheat Yields, Grain Protein and the Reduction of Excess Nitrogen 
(Bonnie Fernandez, 1992)

The Use of Composts to Increase Nutrient Utilization Efficiency in Agricultural Systems and Reduce 
Pollution from Agricultural Activities 
(Mark Van Horn, 1992)

Practical Irrigation Management and Equipment Maintenance Workshops 
(Danyal Kasapligil, Charles Burt and Eric Zilbert)
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Fertilizer Research and Education Program
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Fax: (916) 445-2171
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