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Abstract. A field experiment was conducted from 1996 to 1998 to examine the effects of K
fertilization on leaf K, nut yield, and quality in pistachio (Pistacia vera L.). There were six
treatments, including four annual rates of K application (0, 110, 220, and 330 kg·ha–1) and
three K sources (K2SO4, KCl, and KNO3). Pistachio trees exhibited highly fluctuating
seasonal leaf K levels. Leaf K concentration was low (<10 g·kg–1) during spring flush,
increased dramatically during fruit development, and declined rapidly after harvest. Leaf
K concentration increased following K fertilization. Potassium fertilization at the rate of
110 to 220 kg·ha–1 K significantly increased nut yield and quality, but nut yield tended to
decrease when the annual rate exceeded 220 kg·ha–1 K. There were no significant
differences among the K sources in their effects on leaf K concentration, nut yield, and
quality. The use of KCl as a K source for 3 years did not increase leaf Cl concentration.
There was a significant, positive correlation between nut yield and leaf K concentration
during nut fill. The critical leaf K value for optimal pistachio production determined from
3 years’ cumulative data was 16.9 g·kg–1. For sustained production in highly productive
pistachio orchards, we recommend annual application rates of 110 to 220 kg·ha–1 K, using
K2SO4, KCl, or KNO3.

pistachio industry have largely ignored the
impacts of crop load on tree nutrient demands
and capacity for nutrient uptake from the soil
(Brown et al., 1995; Rosecrance et al., 1998;
Weinbaum et al., 1994).

Annual demand and removal of both N and
K by pistachio are high (Rosecrance et al.,
1996, 1998). Uptake of K occurs primarily
during nut fill, when nutrients are allocated
largely to embryo development in “on-year”
trees and to storage in perennial organs in “off-
year” trees (Rosecrance, 1996; Rosecrance et
al., 1996), suggesting that K uptake is driven
by sink demand (Brown et al., 1995). The K
present in mature fruits represents a high per-
centage of tree K content in heavily-cropping
trees (Golomb and Goldschmidt, 1987;
Weinbaum et al., 1994).

Optimal K nutrition is essential for optimal
production. Currently, the critical leaf K value

for pistachio trees is 7 to 10 g·kg–1; this was
developed based on the expression of visual K
deficiency symptoms on the leaf (Ashworth et
al., 1985; Brown, 1995). In California, how-
ever, leaf K concentrations of <10 g·kg–1 K+ at
nut fill are uncommon, even in orchards not
fertilized with K (Picchioni et al., 1997; Uriu
and Crane, 1977; Zeng et al., 1997, 1998).
Furthermore, K deficiency is often identified
in heavily-cropping pistachio trees with a leaf
K concentration >15 g·kg–1 K+. Currently rec-
ommended critical leaf K values may be too
low to reflect K fertilization requirement.
Potassium diagnostic criteria should be devel-
oped in association with optimal yield levels
(Righetti et al., 1990).

Limited use of K in pistachio is associated
with a limited knowledge of K nutrition and
lack of documented effects of K on improving
nut yield and quality. The objectives of this
study were to: 1) determine the effects of K
fertilization on pistachio leaf K, nut yield and
quality; 2) develop K fertilization recommen-
dations; and 3) refine the K diagnostic criteria
for optimal production based on nut yield
responses to K.

Materials and Methods

Orchard and soil descriptions. A field ex-
periment was conducted from 1996 to 1998 on
mature ‘Kerman’ pistachio trees in Agri World,
a commercial pistachio orchard located in
Madera Co., Calif. The soil is a San Joaquin
sandy loam (loamy, kaolinitic, thermic, Typic
Durixeralfs) derived from old granitic allu-
vium; it contains large amounts of kaolinite,
followed by vermiculite and montmorillonite.
The 15-year-old trees were planted on P.
atlantica Desf. rootstocks, at a spacing of 5 ×
6 m (316 trees/ha). The orchard had not previ-
ously been treated with K fertilizers and was
irrigated using microsprinklers for 8 h at a
water pressure of ≈1 kg·cm–2 every 4 d.

Before the experiment commenced, soil
samples were collected from nonfertilized areas
at 0–30 cm depth, air-dried at room tempera-
ture, crushed to pass a 2-mm sieve, and mixed
thoroughly for analysis. The soil had a pH of
7.3 as measured in a 1 soil : 1 water suspen-
sion, and a sandy loam texture, with 7% clay,
25% silt, and 68% sand, as determined using
the pipet method (Gee and Bauder, 1986).
Initial soil NH4

+-extractable K+ was 2.1
mmol·kg–1. The soil had a CEC of 85 mmol
(+)·kg–1, as determined using the ammonium
acetate method (Hendershot et al., 1993), and

Although fertilizers have played an impor-
tant role in California pistachio production, K
fertilization has been largely ignored. Conse-
quently, K deficiency has affected the produc-
tivity of pistachio trees in many orchards (Brown,
1995). The causes for K deficiency are prima-
rily: 1) limited use of K fertilizers; 2) increased
yield, which removes more K from the soil
(Zeng et al., 1999); 3) strong soil K fixation
(Olk et al., 1995), reducing soil K availability
(Cassman et al., 1989); and 4) excessive use of
N fertilizers (Weinbaum et al., 1992), particu-
larly ammonium-N that tends to acidify the soil
and inhibit K uptake (Chung and Zasoski, 1993).
If K fertilizers are not adequately applied to
replenish the soil K pools, K deficiency will
increase in severity and extent in pistachio.

Pistachio is characterized by alternate
bearing, with yield varying widely between
on- and off-years (Johnson and Weinbaum,
1987). Alternate bearing strongly influences
K uptake and distribution in pistachio trees
(Picchioni et al., 1997; Rosecrance et al., 1996,
1998; Weinbaum et al., 1994). Nonetheless,
current fertilization practices in the California

Table 1. K sources and annual application rates used for the pistachio field
experiment.

Treatments Fertilizers used (kg·ha–1)
K source Application rate (kg·ha–1 K)  K2SO4 KCl KNO3

Control 0 --- --- ---
K2SO4 110 262 --- ---

220 524 --- ---
330 786 --- ---

KCl 220 --- 440 ---
KNO3 220 --- --- 611
zQuantity of each K fertilizer used was calculated from its K analysis, i.e., K2SO4 =
42% K; KCl = 50% K; KNO3 = 36% K.



an organic matter content of 5.0 g·kg–1, as
determined using the Walkley-Black method
(Nelson and Sommers, 1982).

Treatments. There were six treatments
(Table 1), including four K application rates
(0, 110, 220, and 330 kg·ha–1 annually) and
three K sources (K2SO4, KCl, and KNO3).
Equal doses of N were applied as (NH4)2SO4 or
NH4NO3 to all treatments to provide balanced
salt applications. The treatments were applied
to plots consisting of five adjacent trees on the
same row, and the plots were arranged in a
randomized complete-block design with five
blocks. To prevent inter-plot nutrient uptake
by penetrating roots, border trees and rows
were left between plots.

Fertilizer applications. Potassium was
applied annually in four equal splits at 1-
month intervals from May to August, the
period for maximal K demand and uptake in
pistachio (Rosecrance et al., 1996, 1998).
The fertilizers used were soluble grade K2SO4,
KCl, and KNO3 supplied by IMC Kalium
(Bannockburn, Ill.). After being dissolved in
irrigation water, they were applied via a spe-
cially designed microsprinkler system that
allowed direct injection into individual plots,
using the Ag Solution Master fertilizer
injection system provided by the Soil Solu-
tions Corporation (Visalia, Calif.). Water
pressure was controlled at 1 kg·cm2 during
injection with a microsprinkler emission
radius of ≈1.3 m.

Soil sampling and K analysis. Soil samples
were collected after harvest in each year using
a soil auger at 15-cm increments from 0–75 cm
depth in the fertigated zones of each experi-
mental tree. Soil subsamples taken from each
depth on the same plot were pooled. Five
replicate samples were collected, each repre-
senting one block. The soil samples were
air-dried at room temperature, crushed to pass
a 2-mm sieve, and mixed thoroughly for the
determination of NH4

+-extractable K+. Samples
(2 g each) of air-dried soil were weighed and
placed into a 50-mL plastic centrifuge tube.
Then, 20 mL 1 M NH4Cl was added, followed
by reciprocal shaking at 200 rpm for 1 h and
centrifugation at 9000 gn for 10 min. The soil
suspension was filtered and the extract was
analyzed for K using an atomic absorption
spectrophotometer (model 2280; Perkin Elmer,
San Jose, Calif.).

Leaf sampling and nutrient analyses.
Twenty representative leaves were randomly
sampled from nonfruiting branches around
each tree in all treatments in July each year. All
samples from the same plot were pooled. To
examine the seasonal fluctuation of leaf K in
relation to K applications, 20 representative
leaves were sampled monthly from Apr. to
Nov. 1998, dried at 65 °C for 48 h in a forced-
air oven, and ground to pass a 30-mesh screen
for nutrient analyses. About 150 mg of tissue
was weighed, placed in a crucible, and dry-
ashed overnight at 500 °C in a muffle furnace
(model 126; Fischer Scientific, Pittsburgh).
The ashed samples were dissolved in 10 mL
1 N HNO3 and diluted to 50 mL with deion-
ized water after filtration. The sample extracts
were analyzed for K+, Ca2+, Mg2+ using an

atomic absorption spectrophotometer and for
Cl– using a digital chloridometer (model no.
4425000; Kaakebuchler Instruments, Saddle
Brook, N.J.).

Fruit harvesting and processing. The pis-
tachio trees were harvested mechanically in
September each year. Total fresh weight of
fruits (including hulls, shells, and kernels) was
recorded by plot. A subsample (≈3 kg) of fresh
fruits was collected from each plot and pro-
cessed using a procedure similar to that
described by Picchioni et al. (1997). Each
subsample was hulled with a mechanical
huller within 12 h of harvest. After being dried
at 65 °C for 7 d, the hulled nuts were divided
into in-shell marketable nuts (filled split nuts)
and nonmarketable nuts (nuts with aborted
embryos or stained pericarps), and were re-
weighed to calculate the dry weight : fresh
weight ratio of marketable nuts. Total market-
able nut yield was determined based on the
total fresh weight per plot (obtained at har-
vest), and the dry weight to fresh weight ratio
of marketable nuts in the fruit subsamples, and
was expressed as marketable, in-shell nuts
(kg·ha–1).

The percentages of split nuts, blank nuts,
and stained nuts, and the 100-nut weight are
the major nut quality criteria used to grade
pistachio nuts in California (Ferguson et al.,
1995). These parameters were determined by
counting and weighing 500 hulled, in-shell
nuts randomly collected from each of the dried
subsamples in 1998.

Development of K diagnostic criteria.
Marketable, in-shell nut yield and leaf K con-
centration were averaged over 3 years and
regression analysis at P ≤ 0.05 was performed.
A second-order regression equation was
obtained from each set of data. Maximum nut
yield (Y100%) and its corresponding leaf K
concentration (K100%) was calculated from the
second-order derivative of each regression
equation. The maximum yield [95% maxi-
mum yield (Y95%)] and its corresponding leaf
K concentration (K95%) were then calculated
by inserting Y95% into the regression equation

obtained and solving for K95%. The K95% is often
used as the reference point to diagnose plant
K status (sufficient vs. deficient) and is re-
ferred to as the critical leaf K value for opti-
mal crop production (Marschner, 1995).

Statistical analysis. Data were analyzed
using the Superanova statistical software
(Version 1.11, Abacus Concept, San Fran-
cisco, Calif.). The means were separated by
Fisher’s protected least significance differ-
ence (LSD) test at P ≤ 0.05. Regression analysis
was performed for nut yield vs. leaf K
concentration.

Results

Effects on soil NH4
+-extractable K. Initially,

the soil NH4
+-extractable K was low, suggest-

ing the need to apply K (Fig. 1). Soil NH4
+-

extractable K increased significantly as a result
of K fertilizations at the annual rate of 110 to
330 kg·ha–1 (Fig. 1). For example, after 3 years
of annual application of 220 kg·ha–1, the NH4

+-
extractable K in the soil 0–15 cm profile was
five times that in the control plots. In contrast,
soil K declined sharply in the control plots not
receiving K fertilizers, resulting in further deple-
tion of soil K. The magnitude of soil K increase
was much more profound in the surface 30 cm
than in the deeper layers.

In K-treated plots, K applied to the soil
surface moved downward in the soil profile,
resulting in significantly higher soil K con-
tent than in the control plots. As K input
increased, more K moved to deeper soil lay-
ers. The higher concentration of K in surface
soil suggests that the majority of applied K
was held near the surface and that its down-
ward movement was slow.

Effects on leaf K concentration. The trees
exhibited highly dynamic seasonal leaf K
fluctuations (Fig. 2). During spring flush from
April to May, leaf K concentration fell below
10 g·kg–1. As fruit development proceeded,
leaf K concentration increased dramatically,
with the most significant increase occurring
from July to September, the peak nut-fill period

Fig. 1. K distribution in soil profile in Madera pistachio orchard after 3 years of K fertilization at various
annual rates. Each value is the average of five replicates ± SE.



when K demand and accumulation in maturing
nuts are maximal. Leaf K concentration
declined rapidly after harvest in September.

 Fertilization with K increased leaf K con-
centration (Fig. 2). Leaf K concentration in
July averaged 11 g·kg–1 over the 3-year period
in the control trees vs. 15 to 19 g·kg–1 in the
trees receiving 110 to 330 kg·ha–1 K annually.
Leaf K concentration was significantly higher
in trees receiving 330 kg·ha–1 than in those
receiving 110 or 220 kg·ha–1 (Fig. 3). As an-
nual K application rate increased from 110 to
330 kg·ha–1, leaf Ca2+ fell from 20.5 to 15.6
g·kg–1 and leaf Mg2+ from 4.2 to 3.3 g·kg–1 (Fig.
3). Leaf K concentrations did not differ among
the three K sources (K2SO4, KCl, and KNO3)
(data not shown).

Effects on nut yield. The average nut yield
was 2166 kg·ha–1 in the control plots not re-
ceiving K fertilizers (Fig. 4). In contrast, when
K was applied annually at 110 to 220 kg·ha–1,
the trees yielded 3142 to 3560 kg·ha–1. How-

ever, a further increase to 330 kg·ha–1 reduced
yield to 3138 kg·ha–1. There was no significant
difference in the average nut yield between the
three K sources used, when applied at the same
rate of K (data not shown).

Effects on nut quality. A high percentage of
split nuts and a high 100-nut weight are desir-
able, as are low percentages of blank and
stained nuts. Application of K increased per-
centages of split nuts and 100-nut weight,
while reducing percentages of blank and
stained nuts (Fig. 5), suggesting improved nut
quality as a result of K fertilization. Neither K
application rate (110, 220, and 330 kg·ha–1)
nor K source affected these quality parameters
(data not shown).

Note that the results presented are averages
for 3 years, and that yield-to-yield fluctuations
in responses to K in terms of leaf K concentra-
tion and nut yield and quality, were observed.
Responses to K tended to increase with time,
but the year-to-year difference was nonsig-

nificant (data not shown).
Effects on leaf chloride concentration. Leaf

Cl– concentration did not differ (P ≤ 0.05)
among K sources (data not shown), with all
values falling within the optimal Cl– range (1
to 3 g·kg–1 Cl) suggested by Brown (1995).

K diagnostic criteria for maximum pista-
chio production. Average nut yield was posi-
tively correlated with average leaf K concen-
tration during nut fill (P ≤ 0.05) (Fig. 6). The
Y100% was 3615 kg·ha–1, and the corresponding
K100% during nut fill 19.6 g·kg–1 K+. The Y95%

was 3434 kg ha–1, the corresponding K95% 16.9
g·kg–1 K+.

Discussion

Pistachio trees exhibit highly dynamic sea-
sonal K fluctuations, as do many other peren-
nial tree crops (Marschner, 1995). Our results
show that leaf K was low during spring flush,
increased dramatically during fruit develop-
ment, and declined rapidly after harvest. Simi-
lar seasonal leaf K changes were observed in
all 3 years (data not shown).

Low leaf K concentration during spring
flush may be partially attributed to a dilution
effect resulting from rapid leaf expansion and
increase in leaf mass (Marini and Marini,
1983; Orland, 1963), rather than an actual
decrease in leaf K content (Rogers et al.,
1953). Conversely, increases in leaf K con-
centration during fruit development indicate
that: 1) K accumulates as the season progresses;
and 2) the accumulation rate exceeds that of
dry matter in leaves (Picchioni et al., 1997).
Rapid increase in leaf K concentration during
fruit development in pistachio is atypical of
perennial fruit crops (Sparks, 1977) and is
considered to be associated with greater ap-
parent K uptake, which is driven by sink
demand for K in the fruit (Brown et al., 1995;
Picchioni et al., 1997). The high K demand
and uptake during nut fill suggest that a suffi-
cient supply of K to the tree during this period
is critical for satisfactory nut filling. The rapid
decline in leaf K concentration after harvest
suggests that leaf K is translocated to other tree
parts, e.g., trunk, to build the tree K storage
pool that supplies significant amounts of K to
the spring flush in the following year
(Rosecrance et al., 1996, 1998).

Our results show that an annual K input
exceeding 220 kg·ha–1 K tended to reduce pis-
tachio nut yield. Although the specific causes
of this reduction are unclear, they may be
associated with significantly reduced leaf Ca2+

and Mg2+ concentrations, both of which were
below the optimal values suggested by Brown
(1995). Reduced leaf Ca2+ and Mg2+ concen-
trations as a result of high K input have also
been reported in citrus (Koo, 1985) and many
other deciduous tree crops (Cummings, 1985).
In Greece, Procopiou and Wallace (1978) ob-
served Mg-induced K deficiency in pistachio,
and inhibition of the uptake of Ca2+ and Mg2+

by high soil K+ is well documented (Dibb and
Thompson, 1985; Marschner, 1995). Mengel
and Kirkby (1982) suggested that K-Ca and K-
Mg antagonisms could be explained in terms
of competition for carrier binding sites on root

Fig. 2. Effect of K application on seasonal variation in leaf K concentration in pistachio in 1998. K was
applied as K2SO4. Each value is the average of five replicates ± SE.

Fig. 3. Changes in leaf K+, Ca2+, and Mg2+ concentrations in pistachio leaves sampled in July 1998 in response
to K applied as K2SO4 at various rates. Each value is the average of five replicates ± SE.



Fig. 5. Effects of K application on (A) split nuts, (B) blank nuts, (C) stained nuts, and (D) 100 nut weight.

Fig. 4. Yield of in-shell pistacio nuts (average of 3 years) as affected by K applied as K2SO4. Each value is
the average of five replicates ± SE

cell membranes or ionic balance effects within
the plant, which may differ among species
(Dibb and Thompson, 1985).

Application of K obviously improves nut
quality in pistachio, with increased percent-
ages of split nuts and 100-nut weight, and
reduced percentages of blank and stained
nuts. Increased percentages of split nuts and
greater nut weight are indicative of enhanced
nut filling, probably because of enhanced
photosynthesis (Pflüger and Cassier, 1977)
and photoassimilate transport (Marschner,
1995) to the developing nuts in K-treated
pistachio trees. Stained nuts are usually caused

by fungi, i.e., Botroyspheria sp. or Alternaria
sp., as pistachio trees are highly susceptible
to fungal infections in microsprinkler-irri-
gated orchards with high humidity inside the
canopy (Michailides et al., 1995). Reduced
nut staining in the K-treated trees indicates
that K application may decrease susceptibil-
ity to diseases, possibly by enhancing synthe-
sis of high-molecular-weight compounds, e.g.
proteins, starch, and cellulose (Marschner,
1995). Note that the experiment was con-
ducted on a soil with light texture, where tree
responses to K fertilization would generally
be more significant than on a soil with heavier

texture.
One concern over the use of KCl as the K

source is the possible Cl toxicity resulting
from Cl– accumulation in the plant tissue. Our
results show that KCl fertilization for 3 years
did not result in a significant increase in leaf
Cl– concentration, suggesting that Cl– uptake
and accumulation in the pistachio tree may be
minimal when KCl is applied as the K source.
As a species originating in semiarid and arid
regions characterized by high salinity, pista-
chio is considered to be a salt-tolerant species
(Sepaskhah and Maftoun, 1981). Pistachio
trees may possess certain salt-tolerating mecha-
nisms that exclude Cl– uptake from the soil,
preventing Cl– accumulation in the tree. Alter-
natively, a mechanism in the pistachio tree
may limit translocation of the absorbed Cl–

from the root to the aboveground parts of the
tree. However, concentrations of Cl in the root
and the trunk were not determined in this
study, and the data presented herein are insuf-
ficient to suggest whether these mechanisms
exist in pistachio.

Our results show that the critical leaf K
value for optimal pistachio production was 16
g·kg–1 K+ or higher, a value much higher than
the values of 7 to 10 g·kg–1 K+ previously
suggested (Ashworth et al., 1985; Uriu and
Crane, 1977). Previous estimates were based
on the expression of visual deficiency symp-
toms in the leaf, whereas the optimal leaf K
concentration of 16 g·kg–1 or higher at nut fill
determined in this experiment is based upon 3
years of nut yields. Under the experimental
condition, these levels of leaf K were main-
tained by annual application of 110 to 220
kg·ha–1 K. This matches closely the estimated



annual crop K removal of 227 kg·ha–1 K by
heavily-cropping trees determined by Rose-
crance et al. (1996).

Based on regression analysis (Fig. 6), we
recommend that, for optimal pistachio produc-
tion in California, K fertilizers be applied annu-
ally at the rate of 110 to 220 kg·ha–1 to maintain
a leaf K concentration of 16 g·kg–1 or higher at
nut fill, using either K2SO4 or KCl or KNO3.
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Fig. 6. The relationship between nut yield of pistacio and leaf K concentration during nut fill.
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