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B. 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 nutrient use efficiency of various commercially important N and K
fertilizer sources.
4. Determine the contribution of soil and perennial plant parts to provide nutrients
for tree growth.
5. Validate current CVs and determine if nutrient ratio analysis provides useful
information to optimize fertility management.
6. Develop and extend an integrated nutrient BMP for Almond.
C. Abstract
Evidence from the 2007 CDFA-FREP nutrition focus group and survey of industry
leading consultants, growers and Farm Advisors suggests that our current approach to
managing nutrition in Almond is inadequate to meet production goals. Ninety % of
growers and consultants felt that UC Critical Values (CVs), especially for N and K, were
not appropriate for current yield levels and that the link between the results of leaf and
soil sampling and specific fertilizer recommendations is poor. In general CVs are
inadequate tools for nutrient management in high value crops as CVs can only indicate
a deficiency. Further this approach does not provide information on how to respond to

deficiency. The protocol of CVs are based on leaf sampling in July and hence limits the
in season nutrient adjustment for current crops.
In other crops nutrient managements are based on model of plant growth and nutrient
demand curves that guide the quantity and timing of fertilizer application. However
nutrient demand curves have not been developed for almond.
To develop a phenology and yield based nutrient demand curves that guide the timing
and rate of fertilizer application, a large experiment was initiated in 2008 in Belridge,
Kern county under fan jet and drip irrigations with four rates of nitrogen (N) 125, 200,
275 and 350lb/ac applied with two N fertilizer sources-UAN 32 and CAN 17. Three rate
of potassium (K) fertilizer- 100, 200 and 300lb/ac applied with 60% Potassium Sulfate
(SOP) and 40% Potassium ThioSulphate (KTS) and three sources of K – SOP+KTS,
SOP and Potassium Chloride (KCl) were applied at 200lb/ac. UAN 32, CAN 17, KTS
and KCl were applied in four fertigation cycles in February, April, June and postharvest
as 20, 30, 30 and 20% of the total respectively while SOP was applied as granule in
winter. 768 trees were monitored individually for yield and yield related parameters and
in season leaf and fruit nutrient and fruit biomass.
Whole tree nutrients were estimated by excavating trees from the four N rate treatments
at the beginning and end of two seasons while nutrient remobilization and storage were
determined by multiple in-season core sampling of tree perennial organs-roots, trunk,
canopy and small branches. N supply had significant yield effect from 2009 and
treatment effects increased in the later years of the experiment. There was no
significant effects of K rate on kernel yield while K sources had significant effect on
kernel yield in 2010 under fan jet irrigation. N and K export in fruits by 1000lb kernel
yield ranged from 53lb to 74lb and 51lb to 83lb for N and K rate treatments respectively.
In adequately fertilized trees and average N removal of 68 lb N and 80 lb K per 1000 lb
kernel yield was observed. This value includes all of the N and K required to grow all
fruit parts. Over 85% of the total N and 70-75% of the total K was accumulated in fruit
by mid-June. Fruits were the greatest sink for N and other nutrients and 90% of total
tree N was partitioned to fruits. Although leaves were the second greatest sink for N
(about 6% of total tree N) N from leaves were either remobilized to perennial organs at
senescence or re-entered in soil as a result of leaf fall. The demand for N for new
perennial wood growth varied from 20-30 lbs per acre per year
D. Introduction

The knowledge of growth and development to derive nutrient demand curves that guide
the timing and quantity of nutrient applications is widely used in high value agricultural
enterprises such as animal production, aquaculture, greenhouse vegetable and flower
production, and increasingly in agronomic crops. 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.
Thus, this project was conducted to develop nutrient demand curves and whole tree
budgets for macro and micronutrients in a commercial almond (Prunus dulcis) orchard
managed under a variety of N and K fertilization regimes. Experiments and
measurements were replicated in drip and fan jet irrigated orchards over a 5 year
period, 2008 through 2012. Whole tree nutrient dynamics in annual tissues were derived
from multiple in-season sampling of leaves and nuts for nutrients and biomass in all
years with the most intensive sampling being conducted in 2009, 2010 and 2011. Trees
in this orchard were 9 years old at the commencement of the experiment and 13 years
old at completion, with an orchard level light interception of 78% in year 10, increasing
to over 88% in year 13. In comparison with industry standards and midday PAR
interception, yield in these orchards was very good from 2008 through 2011 while in
2012, for reasons that have not been determined, yields were very low. The majority of
the data presented for nutrient dynamics in annual organs was derived from years 2009,
2010 and 2011 in which treatment differences were clearly evident, yields were
representative and sampling was most intensive. Data of nutrient dynamics for
perennial tissues was solely derived from the 2012 season when tree excavations and
tree coring were also performed.

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 nutrient use efficiency of various commercially important N and K
fertilizer sources.
4. Determine the contribution of soil and perennial plant parts to provide nutrients
for tree growth.
5. Validate current CVs and determine if nutrient ratio analysis provides useful
information to optimize fertility management.
6. Develop and extend an integrated nutrient BMP for Almond.

E. Project Description
Task 1 (Objective 1): Develop a phenology and yield based nutrient model for
Almond.
Initiated Jan 2008, final harvest 2012: Completed.
Analysis Completed
This task was conducted in collaboration with sites utilized in project 07-671. Field
activities and data collection and analysis completed. A web model was developed to
base fertilizer rate and timing with phenology and yield of the crop. The model is
available in:
Recommendations to integrate nutrient budget and leaf analysis were developed and
available in:
http://www.almondboard.com/Growers/Documents/Almond%20EarlySeason%20Sampling%20and%20InSeason%20Nitrogen%20Application%20Maximizes%20Productivity,%20Minimizes%20
Loss.pdf.
Model for calculating N demand and interpreting leaf analysis.
https://www.sustainablealmondgrowing.org
Task 2 (Objectives 2/3): Develop fertilizer response curves and nutrient use
efficiency to relate nutrient demand and fertilizer source with fertilizer rate.
Initiate January 2008, final harvest and sampling Dec 2012: Completed
Analysis Completed

A large experimental fertilizer response trial was set up in 2008 in an eight year old
orchard, planted 50% to Nonpareil and 50% to Monterrey almonds under Fan Jet and
Drip irrigation systems. Fifteen individual trees and their immediate 30 neighbors were

considered as a single uniformly treated unit with all measurements taken on the central
six Non-Pareil trees individually. A total of 128 experimental units of 15 trees were
treated and from this 768 individual trees were monitored for yield, nut growth and
development and full nutrient status. A fertigation system was installed and a digital flow
meter was employed to provide well controlled doses of fertilizer during four fertigation
events. Basal Sulphate of Potash (SOP) application was made in early January and
fertigation was done in February, April, June and October. The total experimental area
is 100 acres.
The twelve treatments include 4 rates of N, 3 rates of K, 4 contrasting rates of CAN17,
one Potassium Chloride (KCl) and one SOP treatments. Descriptions of the treatments
are given in table 1. Effectiveness of each treatment was determined by changes in leaf
tissue analysis, yield, and soil residual N and K over a 5 year period.
Table 1. Detail of fertilization treatments.

Leaf samples were collected in April, May, June and July while nut samples were
collected in April, May, June, July and August. 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 was processed by the DANR analytical laboratory at UC Davis. Tree
yield and quality attributes were collected from all individual trees. All nutrient and
biomass data was cross-referenced to individual tree yield, phenology, environment and
other variables to develop a phenology and yield based nutrient model for Almond.
Nutrient demand curves were generated and included in this report. (Figs 13-24)
Task 3 (Objective 4). Determine the contribution of soil and perennial plant parts
to provide nutrients for tree growth.

Initiate January 2012 and complete in January 2014
Analysis Complete December 2014
Our results from the past four years showed high nitrogen use efficiency (NUE) for the
low nitrogen rate. The efficiency declined through the years; however it is over 100% in
terms of nitrogen applied and nitrogen exported out from the orchard in the fruit. We
introduced a zero N treatment in 2011 by splitting N 125lb/ac into halves. However the
tree in the zero N had some nutrients coming from the previous year. We determined
the source of the high NUE and then determined the contribution of the soil N and the
stored N in the perennial parts of the tree. We analyzed the amount of stored N, P and
K in the trees by taking samples from perennial parts as follow:
One tree from each N replicated treatment (0, 125, 200, 275 and 350lb/ac) were used
for this study with the total 20 trees. Trees from the five N treatments (0, 125, 200, 275
and 350lb/ac) and 4 replicates (total 20 trees) were sampled in January (dormant),
February (full bloom), March (partial leaf growth), April (full leaf growth), June, August
(pre-harvest), October (pre-fertigation), November (post fertigation) and December as
follows:
A. Roots: several root sections were dug up randomly from around the trunk from
roots <1cm and >1cm diameter. Samples were dried and ground to analyze for
the nutrients.
B. Trunk: several 5-cm-deep holes were drilled into the trunk with an electric drill;
subsamples of the shavings were then pooled and ground for analysis.
C. Scaffold: several 2.5cm holes were drilled into the scaffolds with electric drill and
the shavings were pooled to analyze for nutrients.
D. Canopy branches: Similar samples as in scaffold were collected from the canopy
branches by drilling and collecting the shavings.
E. Branches: 2 and 3 years old branches were sampled randomly from each tree
canopy and analyzed for nutrients.
F. Spur samples: spurs were collected in January and December only.
G. Flowers: Flower samples were collected at full bloom only.
H. Leaf and Fruit samples: Leaf samples were collected from the trees in April, July,
August, October and November. Fruit samples were collected in April, May,
June, July and August. Individual yield of the trees were determined at harvest.
The leaves fallen during harvest were separated and weighed. Leaves from the
same trees were also collected after leaf fall in November to determine total leaf
biomass.

Biomass of trees in each N rate treatment (125, 200, 275, 350lb/ac) were determined at
the beginning and the end of the season and increase in tree biomass was calculated.
Tree were excavated using a backhoe and divided into the following parts: Trunk,
Roots, Scaffold and Branches
1. Trunk
The portion of the wood remaining after removing the roots and scaffolds (stump)
was considered the trunk. Saw dust were collected from the sap wood by coring
at multiple points- near the crown, in the middle and near scaffold joint and were
used for nutrient analysis. Fresh weight of the trunk was determined in the field
and sub samples about 7 lbs were collected and dried in the air forced drier at
70oC to get the dry weight of the trunk.
2. Roots
All roots were dug out from 15 feet wide x 20 feet long x 5 feet deep area and
were separated from the soil using pitchforks and workers. Roots were divided
into two groups- small roots <1cm and large root ≥ 1cm diameter. Fresh weights
of the roots were determined and 7 lbs sub sample of each group were collected
to determine the dry weight. Portions of the roots were collected for nutrient
analysis.
3. Scaffold
Scaffolds that support the functional canopy were separated from branches.
Wood shavings were collected by coring halfway in each scaffold and then
pooling the samples into one composite sample. Fresh weight of the scaffolds
was determined and 7 lbs sub sample were collected to determine the dry
weight.
4. Branches
Canopy branches were weighed to get fresh weight and 11 lbs sub sample were
collected from the branches by cutting into small pieces. Samples were collected
by sawing in the branches and collecting the saw dust for analysis of nutrients.
Three, two and one year old branches were collected. Fresh weight was
determined and 7 lbs subsamples were collected to determine dry weight and
nutrient analysis.
5. Spurs
Spurs having flower buds were collected around the canopy for nutrient analysis
in January.
Data collected during all years have been analyzed and reported.

Task 4 (Objective 5): Validate current CVs and determine if nutrient ratio analysis
provides useful information to optimize fertility management.
Commenced December 2008, Completed December 2013
Sample collection for the task completed by Dec 2012 and statistical analysis
completed.
Task 5 (Objectives 6): Develop and extend an integrated nutrient BMP for Almond
Recommendations developed and available from the website of Almond Board of
California at http://www.almondboard.com/Growers/Documents/Almond%20EarlySeason%20Sampling%20and%20InSeason%20Nitrogen%20Application%20Maximizes%20Productivity,%20Minimizes%20
Loss.pdf. Articles published in journal while other manuscripts have been submitted and
others are in progress.

F. Results
Changes in leaf nutrients
The concentration of nutrient in leaves and their seasonal pattern changed for different
nutrient elements.
Nitrogen
Leaf nitrogen concentration was significantly affected by N rate from the first year of the
experiment (2008) and the differences increased more in the later years of the
experiment (Fig 1). N rate 125lb/ac had the lowest N concentration in leaves and
350lb/ac had the highest N in all years of the experiment. There were small year to year
variations in leaf N concentration however the pattern of changes remained similar. N
concentrations for all N rate treatments were high at the beginning of the season and
then declined gradually until about 125 days after full bloom (DAFB). In the cooler year
2011, changes in leaf N concentration was slower than the previous years and when the
last samples were collected in July, there was a phenological lag of over 10 days
compared to previous years.
Phosphorus
Nitrogen application rate had no significant effect on P concentration in the leaves (Fig
2). All treatments showed a sharp decline in P concentration early in the season that
continued slowly later in the season but very low decline in leaf P occurred after 125
DAFB.
Potassium
The effect of N application on leaf K concentration was not consistent (Fig 3). Leaf K
concentration was low for all treatment at the beginning of the experiment and it then

gradually increased in the later years. Although there was not a consistent relationship
of K concentration in leaves and N treatment in the early years, in 2011 increasing N
application resulted in lower Leaf K concentration. K concentration in leaves for all
treatments was above the critical value (1.4%) after 2009. Seasonal changes in leaf K
concentration were variable in different years with gradual decline in K concentration
from 2008 to 2010 while initial increase in concentration in 2001 and then declined.
Potassium application rate had significant effect on K concentration in leaves (Fig 4). K
application rate 100 lb/ac had lowest K concentration in all years of the experiment
while K rate 300 lb/ac had highest K concentration in 2010 and 2011. The seasonal
pattern of K in leaves remained same as for K in N rate treatments. Exceptionally, in
2008 mean leaf K concentration was less than 1.2 % and well below the standard
critical value of 1.4%.
Sulfur
N rate had significant effect on leaf Sulfur concentration in all years where increasing N
application increased S concentration (Fig 5). Year to year variation in leaf S
concentration was not significant however there was an increase in S concentration
after 120 DAFB in 2011 due to application of S containing fungicide to control shot hole.
Calcium
Leaf Calcium concentration was low at the beginning of the season and increased as
season progressed (Fig 6). There was no significant effect of N application on leaf Ca
concentration early in the season, but the differences increased later in the season and
significant effect of N treatment on Ca concentration were observed. Increasing N
application resulted in lower Ca concentration in leaves.
Magnesium
Changes in leaf Mg concentrations followed the pattern of Ca concentration (Fig 7)
however there was no significant effect of N application on Mg concentration in leaves.
At 125 DAFB leaf Mg concentration was 0.8% or above in all years.
Micronutrients
N rate had no significant effect on Boron concentration (Fig 8) while its pattern changed
in different years. In 2008 and 2010 B concentration was low at the beginning of the
season that slightly increased later in the season while in 2009 and 2011 it started low,
increased in the mid-season and then declined.
Manganese
Nitrogen application had a significant on leaf Mn concentration in 2009, 2010 and 2011
(Fig 9). Increasing N application increased Mn concentration in leaves. Mn

concentration in the leaves was low at the start of the season and then increased until
125 DAFB and then remained stable.
Zinc
N treatment had no consistent and significant effect on Zn concentration of leaves (Fig
10). Soil Zn application was made in 2009 and 2010 resulting in increased leaf Zn
concentration in those years. Under high yield in 2011, Zn concentration in leaves was
much lower than the recommended 20 ppm in July.
Iron
N application had no significant effect on Fe concentration in leaves (Fig 11). Fe
concentration in leaves increased as season progressed.
Copper
N application had significant effect on leaf Cu concentration and increasing N
application resulted in an increase in Cu concentration in leaves (Fig 12). Cu
concentrated started high at the beginning of the season and declined as season
progressed.

Figure 1. Leaf Nitrogen concentration (%) for different N rate treatments from 20082011. Each point shows mean and standard error of the mean.

Figure 2. Leaf Phosphorus concentration (%) for different N rate treatments from 20082011. Each point shows mean and standard error of the mean.

Figure 3. Leaf Potassium concentration (%) for different N rate treatments from 20082011. Each point shows mean and standard error of the mean.

Figure 4. Leaf Potassium concentration (%) for different K rate treatments from 20082011. Each point shows mean and standard error of the mean.

Figure 5. Leaf Sulfur concentration (ppm) for different N rate treatments from 20082011. Each point shows mean and standard error of the mean.

Figure 6. Leaf Calcium concentration (%) for different N rate treatments from 20082011. Each point shows mean and standard error of the mean.

Figure 7. Leaf Magnesium concentration (%) for different N rate treatments from 20082011. Each point shows mean and standard error of the mean.

Figure 8. Leaf Boron concentration (ppm) for different N rate treatments from 20082011. Each point shows mean and standard error of the mean.

Figure 9. Leaf Manganese concentration (ppm) for different N rate treatments from
2008-2011. Each point shows mean and standard error of the mean.

Figure 10. Leaf Zinc concentration (ppm) for different N rate treatments from 20082011. Each point shows mean and standard error of the mean.

Figure 11. Leaf Iron concentration (ppm) for different N rate treatments from 2008-2011.
Each point shows mean and standard error of the mean.

Figure 12. Leaf Copper concentration (ppm) for different N rate treatments from 20082011. Each point shows mean and standard error of the mean.
Nutrient export in fruits from almond orchard
Nitrogen, P, K, S, Ca and Mg export in fruits are presented in Table 2. Nutrient export in
fruits is expressed as export of element in total fruit biomass required to produce 1000lb
kernel yield. N export in fruits at harvest was significantly affected by nitrogen
application from the first year of the experiment as a result of an increase in N
concentration in the fruit. Nitrogen export per 1000 lb kernel yield for the 125lb/ac N rate
was 56 lb, 53 lb, 55 lb, 54 lb respectively for 2008, 2009, 2010 and 2011. Nitrogen
export for 275 lb was 62 lb, 60 lb, 73 lb and 75 lb for 2008, 2009, 2010 and 2011
respectively, and not significantly different from the 350 lb/ac N treatment. In 2012 N
export in the125 lb/ac N treatment was 54 lb of N per 1000 lb kernel showing a
deficiency of N while N export for N rate 200, 275, 350 lb/ac was higher with an average
N export of 86 lb N per 1000 lb kernel (Table 2).

Phosphorus export in fruits was 6.7 lb, 7.2 lb, 8.9 lb and 9 lb P in fruits per 1000 lb
kernel yield in 2008, 2009, 2010 and 2011 respectively and was only significantly
affected by nitrogen application rate in 2012 with P export of 11 lb per 1000 lb kernel at
the 125 lb/ac rate and 14 lb for 200 lb/ac N application. There were no consistent trends
in P export in the different N rate treatments over the years; however P export per 1000
lb kernel yield at harvest increased over the years.
Potassium export in fruits per 1000 lb kernel yield was not consistently influenced by the
N rate treatments except in 2010 where N export by 1000 lb kernel yield was highest for
125 lb/ac N rate (table 2). Potassium application rate significantly affected K export per
1000 lb kernel yield in all the years except in 2009 (Table 3). K export in fruits was
lowest in 100 lb/ac K application (51 lb, 71 lb, 75 lb, 67 lb and 81 lb for 2008, 2009,
2010, 2011 and 2012 respectively) and marginally higher under the 300 lb/ac rate (57
lb, 75 lb, 83 lb, 77 lb and 99 lb per 1000 lb kernel yield) from 2008 to 2012, respectively.
Sulfur, calcium and magnesium export in fruits by 1000 lb kernel yield are shown in
Table 2. Sulfur export in fruit per 1000 lb kernel yield was strongly affected by N rate
treatments in 2010, 2011 and 2012. Sulfur export per 1000 lb kernel yield varied from
2.0 lb (125 lb/ac) to over 3.1 lb for higher N-fertilizer treatments during that time.
Calcium export decreased over the years of the experiment, and there was no
significant effect of N application on Ca export per 1000 lb kernel yield in the first three
years of the experiment. In 2011 increasing N application negative affected Ca export in
fruit per 1000 lb kernel yield with 5.7 lb Ca per 1000 lb kernel at the 350 lb/ac N rate to
6.6 lb for the 125 lb/ac N rate. There was a consistent trend of decreasing Ca export in
fruits with increasing N application. Magnesium export in fruits per 1000 lb kernel
ranged from 4.3 lb to 5.5 lb between 2008 and 2012 and there was no significant effect
of N application on Mg export.
Boron (B), Zinc (Zn), Manganese (Mn), Iron (Fe) and Copper (Cu) export per 1000 lb
kernel yield is presented in Table 4. As there was no significant effect of N application
on the export of these nutrient elements, the data for the 275 lb ac-1 N application rate is
reported. Boron export in fruits ranged from 115 g to 161 g, Zn from 23 to 42 g, Mn from
15 g to 24 g, Fe from 57 g to 108 g and Cu from 8 g to 12 g per 1000 lb kernel yield.

Table 2. Macronutrient export (lb) in fruit per 1000 lb kernel yield in almond from 2008-2012 under fan jet irrigation. Letters
indicate significant differences within the same year at the * < 0.05 or ** < 0.1 level of significance. Refer to table 1 for
description of letters.

Table 3. Potassium export (lb) in fruit per 1000 lb kernel yield in almond from 2008-2012
for potassium rate treatments under fan jet irrigation. Letters indicate significant
difference in yield within the same year at P < 0.05 level of significance.

Table 4. Micronutrient export (g) in fruit per 1000 lb kernel yield in almond from 20082012. Data shown for the 275 lb/ac N treatment.

Seasonal Patterns of accumulation of nutrients in fruits
The pattern of accumulation of nitrogen in almond fruits per 1000 lb kernel yield during
the season is shown in Figure 13. N accumulation in fruit increased with increasing N
application while the pattern of N accumulation over the season was generally
consistent. In 2008 and 2009, N accumulation occurred rapidly in the early season with
55% of the total N accumulated by 45 days after full bloom (DAFB), 83% at 79 DAFB
and 86-93% at 105 DAFB. In 2010 and in 2011, 33-43% and 67-76% of the total fruit N
was accumulated in fruit at 44 and 87 DAFB respectively. In 2010 collection of fruit
samples was delayed until 126 DAFB at which time > 95% of final fruit N accumulation
had occurred. In 2011 due to cooler summer weather N accumulation in fruit was slower
and only 76-80% N accumulated in fruit at 119 DAFB. The accumulation of N in fruit
between midsummer (110-126 DAFB from 2008-2011) and harvest was consistently
low ranging from 5% to 25% of the total N in different years.
Phosphorus accumulation per 1000 lb kernel yield increased with time (Figure 14). In
2008 and 2009, P accumulation in fruit was 42-47%, 61-66% and 71-86% at 41, 80 and
105 DAFB respectively. In 2010 and 2011, 30-36%, 53-61% and 67-82% of the total P

was accumulated in fruit by 44, 87 and 123 DAFB respectively. In 2011, P
accumulation in fruit was slightly delayed compared to other years.
Potassium accumulation in fruits per 1000 lb kernel yield for the N rate treatments is
shown in Figure 15 and for K rate treatments in Figure 16. Increasing N application
slightly reduced and delayed K accumulation in fruits. All K treatments had similar K
accumulation in fruits at the beginning of the season (43 DAFB), but differences then
increased till fruit harvest. In all years, K accumulation in fruits per 1000 lb kernel yield
ranged from 24-40%, 45-61% and 66-72%, respectively for 43, 87 and 122 DAFB.
Sulfur accumulations in fruits for N rate treatments are shown in Figure 17. The pattern
of S accumulation over time was similar in all years and closely resembled the N
accumulation curves with the exception of 2011 in which very little S accumulation
during the period of 88–119 DAFB occurred. In June 2011, a sulfur-based fungicide
was applied to the orchard to control fungal diseases; hence values after that date
cannot be reliably interpreted. Over 90% of the total S accumulation in fruits occurred
before 101-126 DAFB in 2008, 2009 and 2010.
Calcium accumulation in fruits per 1000 lb kernel yield increased over the season
(Figure 18). Seventy percent to 90% of the total Ca accumulated in the fruits by 111
DAFB. In the cooler years of 2010 and 2011 Ca accumulation in fruits was faster and
about 85% to 90% Ca accumulated as soon as 111 DAFB, while in warmer years only
about 70% of the total Ca accumulated in fruit by 111 DAFB time.
The majority of Mg accumulation (70 to 85% of total) occurred within 111 DAFB (Figure
19) and there was no consistent pattern of Mg accumulation with increasing N
application and little variation in Mg accumulation patterns between years.
Accumulation of B, Zn, Mn, Fe and Cu are shown in Figures 20, 21, 22, 23 and 24
respectively as nutrient accumulation in 1000lb kernel yield. As all N rates had similar
amounts and accumulation patterns for these nutrients, only data for the 275 lb ac-1 N
application rate are presented. Fifty percent of the total boron in fruits was accumulated
by 111 DAFB and 70-80% by 125 DAFB. Zinc accumulation in fruit was variable during
different years. Total and seasonal Zn accumulation in fruit was low during 2008 and
2011 and high during 2009 and 2010. Eighty to 90% of the total Zn was accumulated
near 111 DAFB in 2008, 2009 and 2010, while in 2010 about 70% of total Zn was
accumulated in fruits near 111 DAFB. Manganese accumulation per 1000 lb kernel yield
was lower in 2008 and 2009 and increased in 2010 and 2011. Sixty three percent of the
total Mn accumulated in fruit by 101 DAFB in 2008 while 72-82% of total Mn in 20092011 accumulated at 117 DAFB. 41%, 57% and 70% of the total Fe was accumulated in

fruit by 117 DAFB in different years. Cu accumulation in fruit was high early in the
season and 71-88% of the total Cu was accumulated in fruit at 112 DAFB in different
years.

Figure 13. Nitrogen accumulation per 1000 lb kernel yield by nitrogen rate treatment
during 2008-2011. Each point represents the mean and bars show standard error of the
mean.

Figure 14. Phosphorus accumulation per 1000 lb kernel yield by nitrogen rate treatment
during 2008-2011. Each point represents the mean and bars show standard error of the
mean.

Figure 15. Potassium accumulation per 1000 lb kernel yield by nitrogen rate treatment
during 2008-2011. Each point represents the mean and bars show standard error of the
mean.

Figure 16. Potassium accumulation per 1000 lb kernel yield by potassium rate treatment
during 2008-2011. Each point represents the mean and bars show standard error of the
mean.

Figure 17. Sulfur accumulation per 1000 lb kernel yield by nitrogen rate treatment during
2008-2011. Each point represents the mean and bars show standard error of the mean.

Figure 18. Calcium accumulation per 1000 lb kernel yield by nitrogen rate treatment
during 2008-2011. Each point represents the mean and bars show standard error of the
mean.

Figure 19. Magnesium accumulation per 1000 lb kernel yield by nitrogen rate treatment
during 2008-2011. Each point represents the mean and bars show standard error of the
mean.

Figure 20. Boron accumulation (g) per ton kernel yield by 275 lb/ac N rate during 20082011. Each point represents the mean and bars show standard error of the mean.

Figure 21. Zinc accumulation (g) per ton kernel yield by 275 lb/ac N rate during 20082011. Each point represents the mean and bars show standard error of the mean.

Figure 22. Manganese accumulation (g) per ton kernel yield by 275 lb/ac N rate during
2008-2011. Each point represents the mean and bars show standard error of the mean.

Figure 23. Iron accumulation (g) per ton kernel yield by 275 lb/ac N rate during 20082011. Each point represents the mean and bars show standard error of the mean.

Figure 24. Copper accumulation (g) per ton kernel yield by 275 lb/ac N rate during
2008-2011. Each point represents the mean and bars show standard error of the mean.

Kernel Yield
Response of kernel yield to Nitrogen rate is shown in table 5. N rate had no significant
effect on kernel yield in 2008 under both fan jet and drip irrigation however there was an
increasing trend in kernel yield with increasing N application. Between 2009 and 2011
significant differences in yield were observed under both fan jet and drip irrigation. In all
years N rate 125 lb/ac produced minimum yield. In 2009 N application at 350 lb/ac
produced maximum yield under both fan jet and drip irrigation. In 2010 maximum kernel
yield was obtained with 350 lb/ac N application both under both Fan Jet and drip
irrigation while in 2011maximum kernel yield was observed for N rate 275 lb/ac under
fan jet irrigations while 350 lb/ac N rate produced maximum kernel yield under drip
irrigation. In 2012 overall orchard productivity declined due to high yield in 2011 and
frost and no significant differences in yield were observed under any irrigation type.
Sources of N had no significant effect on kernel yield in any year and rate combination
except in 2011 under drip irrigation and 125 lb/ac N rate where UAN 32 produced
significantly higher yield than CAN 17 (table 6).

Potassium rate had no significant effect on kernel yield in any year of the experiment
(table 7). K source had no consistent significant effect on kernel yield (table 8). In 2010
under fan jet irrigation, K source SOP+KTS and SOP produced significantly higher yield
than KCl however the differences were not significant in the later years. SOP+KTS had
a trend towards higher yield though the differences were not significant.
Table 5. Kernel yield (lb/ac) of Nonpareil almond with different rates of N as UAN 32
under fan jet and drip irrigations. Means not connected by the same letter within
irrigation are significantly different.

Table 6. Effect of N source on kernel yield (lb/ac) of almond under fan jet and drip
irrigations. Means not connected by the same letter within irrigation and similar N rate
are significantly different.

Table 7. Kernel yield (lb/ac) of Nonpareil almond with different potassium fertilizer rates
under fan jet and drip irrigations.

Table 8. Kernel yield (lb/ac) of Nonpareil almond with different potassium sources under
fan jet and drip irrigations. Means not connected by the same letter within irrigation are
significantly different.

Size of nutrient storage pool in perennial tissues
Whole tree N, P, K, S and B storage pools in the perennial tree biomass for all N rates
was calculated as the difference between the nutrient content at the beginning of the
year and the lowest total nutrient content during the growing season (Table 9). N
storage was significantly different (P < 0.05) between N treatments with lowest N stored
(29 lb/ac) in the 125lb/ac N rate and the highest (49lb/ac) for 350 lb/ac N rate. There
was no consistent trend in P, K and S storage related to N application, which averaged
6lb/ac, 23 lb/ac and 1.35 lb/ac respectively across all treatments. In contrast to P, K
and S, B storage was strongly affected by N status, with 0.7 lb/ac for the 125lb/ac N rate
and 1.2lb/ac for the 350lb/ac N treatment. The storage of other nutrients (Mn, Zn, Fe,
and Cu) could not be detected as no net changes in nutrient pool sizes were observed.

Table 9. N, P, K, S and B storage pool in perennial biomass of almond trees (lb/ac)
under differential N application rates calculated as the difference in nutrient content
between January 2012 and the seasonal lowest nutrient content. Data represents the
mean and letters indicate significant difference at < 0.05 level of significance.

Validation of Critical Values
Critical values were re-examined by plotting yield against nutrient concentration in
leaves. Optimum yield was obtained when leaf nitrogen concentration was between 2.4
and 2.5% dry weight. Leaf P concentration did not increase above 0.16% in our
experiment and optimum yield was obtained at 0.12-0.15% leaf P. Critical K
concentration for K was previously been reported to be over 1.4% in this experiment we
did not get a yield response over 1% K suggesting that the critical K requirement is no
greater than 1% (Table 10).

Table 10: Revalidation of critical values for macro and micro nutrients for almond

Whole tree nitrogen partitioning
In 2011 a new task took place to improve our understanding of whole orchard nutrient
balance. In this new task, we collected nutrient concentrations and biomass of all major
organs of mature field grown almond trees by whole tree excavation, sequential tissue
sampling and nutrient analysis in trees grown under four nitrogen rate treatments. The
amount of nutrient accumulated in perennial organs over one year (2012) was determined
as the difference between the total tree nutrient pool in dormant trees prior to, and at the
completion of a single season (Fig. 25). The dynamics of nutrient remobilization in
perennial tissues during early season growth and the accumulation of nutrients in
perennial tissues were determined by sequential coring, tissue sampling, biomass

estimation and whole tree excavation. Nutrient resorption from leaves was determined
from multiple seasonal leaf samples. All measurements were replicated in trees of
differing N fertilization regimes. In 2013 more data have been collected and sent to the
laboratory for their nutrient content analysis to support the results obtained in 2012. Data
collected in 2012 were analyzed from January 2013 to July 2013 and some key results
are presented as follow.

Figure 25. Nitrogen partitioning in perennial and annual organs of mature almond trees.
The accumulation in perennial biomass is the total N accumulated in the trees from
planting to the age of 13 years.

While it is not possible to distinguish nutrients accumulated in the previous year and
remobilized from nutrients acquired in the current year, it can be presumed that the
decline in the nutrient content of perennial organs in the early spring and the equivalent
increase in nutrients in annual organs is a measure of the remobilization of the stored
nutrients for flowering, fruit set and early fruit growth and initial leaf expansion. This pool
is referred to here as stored N. Nitrogen contents in whole tree perennial biomass

declined during anthesis and reached the lowest content when fruit set and completion of
leaf out occurred. Total perennial biomass N content and seasonal fluxes were strongly
influenced by N application rate. N concentration in perennial organs was lowest for
125lbs/ac N rate and increased with N application up to 275lbs/ac N, but did not increase
further. The most variable pool of N was roots <1cm diameter.
The size of the whole tree remobilized N pool increased with increasing N application and
was maximal at 49lbs/ac for 350lbs/ac N application. The pool of remobilized P, K, S and
B for 275lbs/ac N application rate was 7lbs/ac, 27lbs/ac, 1.72lbs/ac, and 0.53lbs/ac
respectively. Trends in nutrient contents through the year demonstrate that N was stored
predominantly in roots >1cm diameter as well as in canopy branches, while P was stored
mostly in roots >1cm diameter and in canopy branches and branches <2.5cm diameter.
K storage was greatest in canopy branches followed by branches <2.5cm diameter and
roots >1cm diameter. The major storage site for S were branches <2.5cm diameter and
roots >1cm diameter, while B was stored in canopy branches and roots >1cm diameter

Nitrogen Use Efficiency
Increasing nitrogen supply increased yield however the nitrogen use efficiency (NUE)
declined as nitrogen rate increased (table 11). Cumulative NUE between 2008 and
2011 from N rate 275lb/ac was 88% and 93% under fanjet and drip irrigations. This
represents a partial factor efficiency since we did not estimate the rate of mineralization
of N from unfertilized soil. The irrigation water at this site contained negligible N.
Estimates of mineralizable N can be derived from the N limited 125 lb N rate treatment
and suggests that from 30 - 50 lbs of N may have been derived from native N or
residual N present in the soil from previous historic fertilization. Determining the source
(native or fertilizer) of this N is critical as depleting native soil would be an unsustainable
practice that would damage native soil properties while depleting residual fertilizer N is a
beneficial practice. It is notable that NUE in 2011 was not significantly lower than the 4
year averages shown in table 11. The ability of the low N rate treatments (125 and 200
lb N acre), which were clearly N deficient treatments, to maintain NUE values in excess
of 1 over the 4 experimental years, suggests that there is a significant pool of slowly
mineralizable N in these soils. The relevance of this N pool to N management in
orchards remains unclear. Including 40 lbs of N from soil mineralization reduces the
apparent NUE by 10%

Table 11: Cumulative Nitrogen Use Efficiency* 2008-2011. Bracketed numbers
represent NUE assuming 40 lbs per acre/year of N supply from soil mineralization.

*Nitrogen use efficiency was calculated as N exported in harvested fruits by N applied in
fertilizers.

G. Discussion and Conclusions:
Increasing nitrogen supply significantly increased kernel yield and nitrogen
concentration in plant tissues. 1000lb kernel yield exported 54lb to 75lb N for different N
application rates; N export in fruits increased as N application increased however at N
rates of 275lb/ac and 350lb/ac the same amount of N was exported in fruits. In these
experiments the 275 lb N rate resulted in optimal yields and had a significantly better
NUE than the higher N rate. Averaged over 4 years the export of N and K from the
orchard in the highest yielding treatment (275 lbs N) was 68 lbs N and 80 lbs K per
1000 lbs kernel yield (this includes all the fruit parts).
K export per 1000lb kernel yield at the 100lb/ac K application was 75lb, 67lb and 81lb in
2010, 2011 and 2012 respectively. Over 85% of the nitrogen and 70% of the potassium
in fruit was accumulated by mid-June (126DAFB and 119DAFB in 2010 and 2011
respectively) and this time coincided with kernel filling and shell hardening. This
suggests that N and K fertilizer should be applied at or before this time to meet the crop
N and K demand. K rate had no significant effect on kernel yield suggesting that the
trees were not K deficient. The observed high K export in fruits necessitates annual
application of K fertilizers.
Increases in N fertilization from 275 lb to 350 lb N did not result in greater N removal in
fruits and did not significantly increase tissue N concentrations, suggesting that leaf
analysis is not responsive to over fertilization and that fertilization in excess of demand
is wasteful.
No differences in tree response to N source were observed and both N fertilizer sources
were equally available to plant on this soil type. K source showed a significant effect on

kernel yield under drip irrigation in 2010 where KCl produced lower yield however the
cause of the low yield from KCl could not be established as Cl concentration of the
leaves was not significant for K source treatment and the yield effect were not
consistent in the subsequent years. The very high yield in 2011 and incidence of hull rot
resulted in decline in orchard productivity in 2012. The incidence of hull rot was very low
in the low N treatments and increased as N supply increased. The lower yield observed
at the low N rates was a result of N deficiency as indicated by lower tissue N values
(<1.5%) and reduced new tree growth. Analysis of perennial tree parts suggests that
lower amounts of N were stored in the low N trees and reduced tree growth. The
decline in yield for high N rates was a result of hull rot.
A high nitrogen use efficiency was observed for all N rate treatments in these trials. For
the optimal N rate of 275lb/ac the average NUE from 2008 to 2011 was 88% under fan
jet irrigation and 93% under drip irrigation. This estimate of NUE did not attempt to
account for soil N reserves and evidence now suggests that an average of 40 lbs N per
acre per year was available from soil mineralization processes. Significantly this high
NUE persisted even in trees grown for 5 years under a net N deficit (exported N >
supplied N). After 5 years deficit fertilization we would predict that any residual fertilizer
N present from prior year activity would have been thoroughly depleted. Throughout
these trials soil solution nitrate remained very low (<5 ppm Nitrate). Collectively these
results suggest that the soils used in these trials have a significant (30-40 lb N ac year)
ability to release N the question of how to account for this N in N budgeting programs
remains unclear. If it is assumed that all of the 40 lbs N available from the soil was a
consequence of prior year excess fertilization then the averaged NUE for the 275 lb N
rate was 0.77 (77%).
Under well-managed conditions as in this experiment, almond is highly efficient in taking
up nitrogen from soil. The high efficiency was achieved with well managed irrigation
system that limited leaching of water below root zone and timely application of fertilizer
according to tree demand. The high NUE (over 100%) from lower N rates suggests that
N is contributed from storage in the perennial tree organs and soil supply. Nutrient
storage capacity of the tree perennial organs was calculated by seasonal sampling of
perennial organs confirmed that almond trees store substantial amounts of N, P, K, S
and B in the perennial biomass that are remobilized to support the growth of flowers,
leaves and initial fruit development. N fertilizer application can be delayed until late
March especially in areas of high spring rainfall that can result in N leaching if N
fertilizers applied early in the season.
Whole tree excavation and monitoring of tree organs showed that fruits are the greatest
sinks for nutrients and hence fertilizer application can be adjusted on the basis of
expected yield with proper evaluation and monitoring of fruit load. The size of the whole

tree remobilized N pool increased with increasing N application and was maximal at
49lbs/ac for 350lbs/ac N application. Trends in nutrient contents through the year
demonstrate that N was stored predominantly in roots >1cm diameter as well as in
canopy branches, while P was stored mostly in roots >1cm diameter and in canopy
branches and branches <2.5cm diameter. K storage was greatest in canopy branches
followed by branches <2.5cm diameter and roots >1cm diameter. The major storage
site for S were branches <2.5cm diameter and roots >1cm diameter, while B was stored
in canopy branches and roots >1cm diameter

H. Project Impacts
As a best management practice fertilizer in an almond orchard should be based on
expected yield estimated at flowering and fruit set followed by analysis of leaves to
diagnose any deficiency. The combination of nutrient budget determination, nutrient
response information, improved sampling and monitoring strategies, and yield
determination provide a theoretically sound and flexible approach to ensure high
productivity and good environmental stewardship.
This project has been widely cited and has formed the basis of the ANR-CDFA Nitrogen
Training Workshop series and is being used as the basis for new N management
programs industry wide.
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Highlights
Results demonstrate that fertilizer use in Almonds can be optimized and considerable
nitrogen losses can be reduced if nitrogen applications are synchronized with the actual
tree demand. This project provides the baseline data to achieve this goal.
•

Nitrogen use efficiency can be optimized by adjusting fertilization rate based on
realistic, orchard specific yield, accounting for all N inputs and adjusting
fertilization in response to spring nutrient status and yield estimates.

•

1000lb almond kernel removes (in all fruit parts) from the orchard 68lb N, 8lb P
and 80lb K.

•

Leaf analysis following full leaf out and again in the late summer is an important
monitoring strategy.
Late spring review of leaf analysis and conduct of an updated yield estimate,
should be used to adjust fertilization for remainder of season.
Applications to match demand in as many split applications as feasible
80% N uptake occurs from full leaf out to hull split in Almond.
Apply up to 20% after fruit maturity or immediately post-harvest, corrected for
actual yield - but only if trees are healthy and capable of N uptake from soil. Use
foliars to satisfy N supply if N loss is likely.

•
•
•
•

Introduction
Environmental legislation is forcing a change in farming practices as a result of many
years of excess N application and loss of N below the root zone and consequent
contamination of water resources. One of the main opportunities to optimize nitrogen
fertilization is to synchronize applications with plant crop demand and apply N
coincident with root uptake. This project has provided the data needed to correctly

estimate the right rate and right time of fertilizer application for efficient and
environmentally sound practices.
Methods
A large experiment covering approximately 100 acres was initiated in 2008 in Belridge,
Kern county under fan jet and drip irrigations with four rates of nitrogen (N) 125, 200,
275 and 350lb/ac applied with two N fertilizer sources-UAN 32 and CAN 17. The goal of
this experiment was to develop phenology and yield based nutrient demand curves that
guide the timing and rate of fertilizer application. Individual tree yield, leaf nutrient
analysis and whole tree nutrients were estimated.
Findings (Results and Conclusions)
This project has allowed the development of improved nitrogen management practices
for almond growers. Nutrient budget curves were developed for the major nutrients and
data on timing and quantity of N, K and other nutrient uptake and removal from orchards
was derived. Budget curves quantify the time course of nutrient uptake and total plant
demand as determined by tree yield and nutrients required for growth. Yield potential
determines fertilizer strategy and there is a large negative impact on overall efficiency
that occurs in years or orvchards of poor yield in which standardized fertilization
strategies are used. Fertilizing accordingly to predicted yields will dramatically enhance
nutrient use efficiency. Findings of this research has been adopted by the Almond
Board of California as the new standards for nutrient management and are being widely
publicized and distributed.
K: Copy of the Product/Results:
This research has been adopted by the Almond Board of California industry as the new
standards for nutrient management and is being widely publicized and distributed. This
research project has been presented at grower, industry, extension, CDFA, ASA and
university venues including keynote presentation during the years of the project in
Almond Industry conferences. A webpage summarizing this work has been posted on
the Almond Board’s main grower information portal at
http://www.almondboard.com/Growers/OrchardManagement/PlantNutrition/Pages/Defa
ult.aspx and on the University of California Fruit and Nuts Website
http://ucanr.edu/sites/scri/Crop_Nutrient_Status_and_Demand__Patrick_Brown/ and is
in process of being posted at the Almond Boards Sustainable Cropping Systems site.
This work has been published in Pacific Nut Growers and other industry publications. A
Google search for “Nutrient management in almond” yields 20 top ranked pages based
upon this research.

