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Abstract. Two multiyear  eld studies were conducted to compare the phytoavailability 
and effectiveness of a variety of commercial foliar B fertilizer sprays applied at the pink 
 owering stage to ‘Fuji’/EMLA.26 apple trees grown under irrigated semi-arid conditions. 
Treatments included products that differed by initial chemical form of B, physical state, 
and presence of additives of varying composition. Additional treatments were polymeric 
urea added to one B product and soil application of one B product. Boron application 
rates varied from 0.56 to 1.68 kg·ha–1·yr–1. All of the B sprays increased  ower cluster 
B concentration in all years. The B sprays at the lower rate sometimes but not always 
increased leaf B concentration. Increasing the B rate substantially increased plant tissue 
B concentrations. In general, there was little substantive difference between the tested 
products/product mixtures on plant tissue B concentrations. Flower cluster B in the 
ground-applied B treatment was similar to the water control; however, leaf B concentra-
tion corresponded to the B spray treatments, indicating effective uptake of B from the 
soil during the early summer. Sodium polyborate-based products increased  ower cluster 
Na concentration but not leaf Na concentration. The amount of Na contributed by Na 
polyborate-based products applied at commercial rates apparently was too small to be of 
horticultural concern. Fruit quality was excellent and was not affected by the experimental 
treatments in any year. Flower cluster and leaf B concentrations returned to near or at 
control levels in the season following the last spray application, validating the recommen-
dation for annual B fertilizer applications to maintain adequate tree B status.

Boron (B) insuf ciency has been reported 
in apple orchards throughout the world (Over-
holser et al., 1937; Shorrocks and Nicholson, 
1980). Application of prebloom B sprays is 
often used to ensure that suf cient amounts 
of B are available for pollen tube growth, 
 ower fertilization, fruit set, and early fruitlet 
development (Peryea, 1992). Washington State 
University (WSU) guidelines encourage apple 
growers to apply annual maintenance sprays 
of B to ensure that fruit trees contain suf cient 
B for optimal tree growth and fruiting perfor-
mance (Smith, 2004).

Soil applications of boric acid or borax, 
or foliar sprays of borax, were initially rec-
ommended to treat B de ciency (Overholser 
et al., 1937). Boric acid sprays were used 
experimentally (Batjer and Rogers, 1953; 
McLarty et al., 1936; Phillips and Johnston, 
1943) but do not appear to have been adopted 
as commercial practice. Borax sprays were 
supplanted about 1953 by the Na polyborate-
based Polybor (Paci c Coast Borax Co., Los 
Angeles, Calif.) (Burrell, 1960; Johnson et al., 

1955; WSC, 1953), mainly because the latter 
product dissolved more quickly in the spray 
tank. Polybor soon was renamed Solubor (U.S. 
Borax, Valencia, Calif.), to prevent misapplica-
tion problems resulting from grower failure 
to properly distinguish between Polybor and 
the herbicide polybor chlorate (WSC, 1958). 
Solubor has been the most commonly recom-
mended B spray product for a half-century, 
principally because of its ef cacy and low cost 
(Peryea, 1992; Peryea et al., 2003).

During the past decade, numerous alterna-
tive B spray products have been introduced. 
Presumptive improvements include changes in 
solid state characteristics that improve dissolu-
tion rates and handling, less alkaline reaction 
which lowers risk of alkaline hydrolysis of 
pH-sensitive compounds in tank-mix sprays, 
and additives to improve B uptake by plant 
tissue (Peryea and Lageschulte, 2000). The 
purpose of the current study was to evaluate 
the phytoavailability of B from commercially 
available B spray products and product mix-
tures applied at the pink  owering stage, and 
consequent effects on fruit quality.

Materials and Methods

Experimental boron product properties. 
The tested B spray products differed in initial 
chemical form of B, physical state, and presence 
of additives of varying composition (Table 1). 
Field experience indicates that the solid com-
pounds B-17, Solubor DF, and Mor-Bor 17 are 

much less likely to cake and exhibit improved 
particle  ow behavior in the dry state than 
do Solubor and SprayBor, and that the liquid 
products are convenient to measure and mix 
in spray water. All of the products cost more 
per unit B than does Solubor. The products 
raise or lower spray water pH, depending on 
product composition and rates, and initial water 
chemistry (Peryea and Lageschulte, 2000).

Experimental sites. Two experiments were 
conducted in a ‘Red Fuji’/EMLA.26 apple 
orchard planted in Spring 1993 on the east 
bank of the Columbia River south of Orondo, 
Wash. The natural environment is semi-arid 
sagebrush-steppe. Annual precipitation av-
erages 265 mm. Average January and July 
temperatures are –1.7 and 22 °C, respectively. 
The soil is classi ed as a Cashmont gravelly 
sandy loam (coarse-loamy, mixed, mesic Aridic 
Haploxeroll). The trees were planted at a 1.9 m 
× 4.6 m spacing (planting density 1148 trees per 
ha) and were supported by a metal conduit-wire 
trellis system. About every tenth tree within 
each row was a ‘Royal Gala’/EMLA.26 apple 
serving as a pollinizer. The trees were irrigated 
using a permanent undertree high-pressure, 
high-volume sprinkler system. Herbicides 
were used to maintain a weed-free strip within 
the tree rows. Fruits were chemically and/or 
hand-thinned. Insect pests and diseases were 
managed according to commercial guidelines 
(Smith, 2004). With the exception of annual 
prebloom soil N applications (78 kg·ha–1 N 
as NH

4
NO

3
) and a postbloom Zn spray in 

2000 (0.74 kg·ha–1 Zn as basic Zn sulfate), no 
nutrients other than those in the experimental 
products were applied.

Experiment 1. In 1996, 10 experimental 
treatments were arranged in a randomized 
complete-block design replicated 5-fold. Each 
plot contained three trees, which comprised the 
sampling unit, from which  ower cluster, leaf 
and fruit samples were collected and assessed 
for treatment responses.

Experimental treatments were one spray 
application per year of seven B-containing 
spray products, plus Solubor tank-mixed 
with added N, and soil application of Solu-
bor: 1)water control; 2) reagent-grade boric 
acid (1996 only) replaced in 1997-99 by the 
boric acid-based Mor-Bor 17, which became 
available in 1997; 3) Solubor; 4) Solubor 
DF; 5) Spraybor; 6) Borosol; 7) Liquibor; 8) 
N-Boron; 9) Solubor plus Coron (polymeric 
urea compound to enhance B uptake, CoRoN, 
Souderton, Pa.); and 10) Solubor applied only 
to the ground.

All treatments were applied each year at the 
full-pink  owering stage (19 Apr. 1996; 23 Apr. 
1997; 17 Apr. 1998; and 22 Apr. 1999) using 
a truck-mounted high-pressure sprayer and 
single-nozzle Windmaster orchard handgun 
(Northwest Wholesale, Wenatchee, Wash.). 
Treatment solutions were sprayed to drip with 
the exception of Treatment 10 (ground-applied 
Solubor), which was sprayed over the surface 
of the herbicide strip area beneath the treatment 
trees (about 3.6 m2 per tree) for a period of time 
equivalent to the average time required to apply 
Treatment 3 (foliar Solubor). In 1996–98, all 
products were applied at a B rate of 0.56 kg·ha–1 
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(current WSU maintenance rate). In 1999, all 
products were applied at a B rate equivalent 
to 1.12 kg·ha–1 (current WSU de ciency 
rate) because the leaf B concentrations of the 
trees treated with B in the previous years had 
dropped below desirable levels. No treatments 
were applied to the treatment plots in 2000 to 
evaluate residual effects. The experimental 
B rates exceeded the label rates for some of 
the products. Treatments 8 (N-Boron) and 9 
(Solubor + Coron) each supplied the equivalent 
of 0.47 kg N/ha in 1996–98 and 0.94 kg N/ha 
in 1999. Treatment 6 (Borosol) contains an 
unknown but very low amount of N.

Experiment 2. In 1998, six experimental 
treatments were arranged in a randomized 
complete-block design, replicated  vefold, in 
the western half of the orchard used in Expt. 
1. The plot design, spray application, and 
sampling procedures were identical to those 
used in Expt. 1.

Experimental treatments were one spray 
application per year of four or  ve (depending 
on year) B-containing spray products (Table 
1): 1) water control; 2) Mor-Bor 17; 3) B-17; 
4) Solubor; 5) Albion liquid B; 6a) in 1998 
only, Greenleaf Boron Micro; and 6b) in 2000 
only, Boron X-tra. Several of these products 
became available for testing after the start of 
Expt. 1; Mor-Bor 17 and Solubor were included 
as industry standards.

All treatments were applied at the full 
pink  ower cluster stage (17 Apr. 1998; 22 
Apr. 1999; and 13 Apr. 2000) each year. In 
1998–99, all products were applied at a B rate 
of 0.56 kg·ha–1 (current WSU maintenance 
rate). In 2000, all products were applied at a 
B rate equivalent to 1.68 kg·ha–1 (1.5 times 
the current WSU de ciency rate) because the 
leaf B concentrations of the trees treated with 
B in the previous years had dropped below 
desirable levels and the results of Expt. 1 
suggested that a higher rate was warranted. 
The experimental B rates exceeded the label 
rates for some of the products. The Greenleaf 
Boron Micro treatment was deleted from the 
study after 1998 because it was not going to 
be commercially produced. In 2000, Boron X-
tra was added to the study because of grower 
interest, and was applied to the 1998 Greenleaf 
Boron Micro plots.

Plant tissue analyses. Each year, six  ower 

clusters at the full bloom stage (late April/early 
May) were sampled randomly from each 
experimental plot and composited by plot. 
Eighteen leaves were sampled randomly using 
standard criteria (fully expanded leaves from 
middle third of terminal shoots growing at 
an angle of 30 to 60° from horizontal) from 
each experimental plot in early August and 
composited by plot. The  ower cluster samples 
were freeze-dried without washing because 
of their fragility. Use of this procedure means 
that measured mineral element concentrations 
in  ower clusters from trees receiving treat-
ment sprays at the pink  owering stage may 
be biased by the presence of spray residues on 
the plant tissue surfaces. Given the high rate of 
absorption of B and Na by growing leaf tissue 
(Maas, 1986; Shu et al., 1994), internal B and 
Na concentrations are expected to be positively 
related to total concentrations in the unwashed 
 ower clusters. The leaf samples were washed 
in 0.5% Liquinox solution (Alconox, New 
York), followed by tap water and deionized 
water rinses, and oven-dried at 85 °C. All 
dried plant tissue samples were ground and 
analyzed for N, P, K, Ca, Mg, S, Zn, B, Mn, 
Fe, Cu, Al, and Na concentrations. Plant N was 
determined by total Kjeldahl digest and  ow 
injection colorimetry, and the other mineral 
elements by wet-digestion, followed by as-
say using inductively coupled plasma optical 
emission spectroscopy. Plant tissue analytical 
data are reported on a dry mass basis.

Fruit quality assessment. Nine apples at 
commercial harvest stage were sampled ran-
domly from each experimental plot at commer-
cial harvest timing in mid-October 1998–2000. 
The fruit samples were composited by plot, 
placed into plastic fruit bags inside cardboard 
fruit boxes, and stored under refrigerated air 
(1 °C) conditions. They were removed from 
storage after about 10 d and evaluated for the 
following fruit quality attributes: fresh mass, 
Hunter external color indices L

e
 (lightness), 

a
e
 (red/green) and b

e
 (yellow/blue) using 

a color machine (Paci c Scienti c, Silver 
Spring, Md.),  rmness using an Electronic 
Pressure Tester (Lake City Technical Products, 
Kelowna, B.C.), soluble solids concentrations 
by Abbe-type refractometer, and titratable 
acidity by titration with 0.1 M NaOH to pH 
8.2. Hue angle, an index of human percep-

tion of fruit skin color, was calculated as 57.3 
tan–1 (b

e
/a

e
).

Statistical analyses. Although multiple 
sequential measurements were made on the 
same set of experimental trees, the comparisons 
of primary interest in the current study were 
the treatment responses within each individual 
year. The response data for each experiment 
therefore were analyzed for each year using 
separate analyses of variance (ANOVA) for 
a randomized complete block experimental 
design (Steel and Torrie, 1980). This ap-
proach offers the most powerful statistical 
test to evaluate the  xed effect of B treatment 
but does not allow quantitative inferences to 
be drawn about trends over time. Duncan’s 
multiple range test was used for mean separa-
tion of signi cant treatment effects. Statistical 
analyses were carried out using the Proc GLM 
procedure of the computer program SAS for 
Windows, Version 6.12. Statistical signi cance 
was de ned at P  0.05.

Results

Visual observations. None of the trees at any 
time showed visual symptoms associated with 
B de ciency or toxicity (Oberly and Boynton, 
1966). Blossom blast, witch’s broom, leaf 
malformation, and other vegetative symptoms 
were absent. The harvested fruit did not exhibit 
cracking or internal breakdown (symptoms 
of B insuf ciency) nor advanced ripening 
or  rmness loss (symptoms of B excess). 
Malnutrition symptoms associated with other 
mineral elements also were absent.

Mineral element concentrations in plant 
tissues, Expt. 1. The foliarly applied B treat-
ments had a very highly signi cant effect on 
 ower cluster B in all years that the sprays 
were applied, increasing  ower cluster B rela-
tive to the water control (Table 2). There were 
no differences between the foliar B sprays in 
1996–97. Several differences between prod-
ucts appeared in 1998 and 1999. The boric 
acid-based Mor-Bor 17 produced the lowest 
 ower cluster B concentration of all the B 
spray treatments in 1998 and remained at the 
low end of the range in the following year. 
Flower cluster B concentration in the SprayBor 
treatment was lower than those of several other 
B spray treatments in 1998–99. The remain-

Table 1. Boron spray products evaluated in experiments.

Product Physical B Form
(experiment) statez concny of Bx Additive Manufacturer
Orthoboric acid (1) S 17.5 BA None Mallinckrodt, Paris, Ky.
Albion Liquid Boron (2) L 5.0 NaB Amino acids Albion Lab., Clear eld, Utah
B-17 (2) S 17.0 BA Surfactant Nutrient Technol., La Habra, Calif.
Borosol-10 (1) L 10.0 BA Ethanolamine Clean Crop, Fremont, Nebr.
Boron X-tra (2) L 5.0 BA Acids, plant extracts, peptides Custom Agric. Formulators, Fresno, Calif.
Greenleaf Boron (2) L 1.75 Unspeci ed Carbohydrates SafeScience, Boston, Mass.
Mor-Bor 17 (1,2) S 17.3 BA Surfactant G.S. Long, Yakima, Wash.
N-Boron (1) L 5.4 BA Urea, polysaccharides Plant Health Technol., Boise, Idaho
Solubor (1,2) S 20.5 NaB None U.S. Borax, Los Angeles, Calif.
Solubor DF (1) S 17.4 NaB None U.S. Borax, Los Angeles, Calif.
SprayBor (1) S 16.5 NaB Acidi er NutriAg, Toronto, Canada
Tech-Spray Liquibor (1) L 2.5 BA, NaB Surfactant Nutrient Technol., Dinuba, Calif.
zS = solid;  L = liquid.
yPercent B by weight.
xBA = boric acid;  NaB = sodium polyborates of varying composition.
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ing six product–product combinations were 
consistently among the grouping producing 
the greatest increase in  ower cluster B in 

1998–99. In 2000, when none of the experi-
mental plots received B,  ower cluster B in 
most of the B-containing treatments remained 

higher than the Control, indicating a residual 
bene cial effect of the previous four years of 
B application on tree B status.

Leaf B concentration was unaffected or 
weakly affected by B treatment in the years 
when the 0.56 kg·ha–1 B maintenance rate was 
used (Table 2). The response was stronger in 
1999 when the B application rate was doubled. 
Differences between B products were nil or 
slight. There was no residual effect of the B 
treatments on leaf B concentration in 2000. 
Leaf B concentration even in the B-sprayed 
trees was sometimes below the 25 mg·kg–1 limit 
suggested by WSU as the minimum desirable 
for adequate apple tree B status, and in one case 
was lower than the 20 mg·kg–1 value suggested 
as the threshold below which B de ciency is 
likely to occur (Tukey and Dow, 1979). These 
thresholds are consistent with those reported 
for apples worldwide (Wichmann, 1992). 

Both  ower cluster and leaf B concentration 
in the Control treatment declined substantially 
between 1996 and 1998. Flower cluster B 
concentration thereafter stabilized at about 25 
mg·kg–1, while leaf B concentration showed 
greater variability. The B status of apple trees 
that are not fertilized with B appears to naturally 
decline over a period of years (Bramlage and 
Weis, 1991; Peryea, 1992). High between-
season variability is commonly observed in 
deciduous fruit trees even under conditions of 
uniform nutrient supply, and is caused by differ-
ences in weather, irrigation water management, 
cropping, and horticultural practices such as 
pruning and thinning (Bould, 1966; Righetti et 
al., 1990). Between-season leaf B changes for 
the Control treatment were as great or greater 
than the increases observed in any year for 
most of the B spray treatments.

Soil application of Solubor at pink timing 
had no effect on  ower cluster B in 1996-99 
but did produce higher  ower cluster B rela-
tive to the Control treatment in 2000 (Table 
2), indicating a positive cumulative effect of 
the ground application on tree B status. Leaf 
B concentration for this treatment did not 
appreciably differ from those of the foliarly 
applied B sprays.

With one exception, the B spray products 
formulated with Na polyborates substantially 
increased  ower cluster Na concentration in 
the years sprays were applied (Table 3). The 
exception was Spraybor, which had no effect 
in 1996–97 and an intermediate effect in 
1999–2000. Flower cluster Na concentration 
in the Control treatment declined substantially 
after 1997 and then stabilized. None of the B 
treatments in uenced leaf Na concentration. 
Leaf Na concentration in the Control treatment 
was highly variable, but, as with B, increased 
substantially from 1998 to 2000. Soil applica-
tion of Solubor at pink timing had no effect on 
 ower cluster or leaf Na concentrations.

There was no effect of the B sprays on 
 ower cluster or leaf N concentrations, even 
for the N-containing treatments of Borosol, N-
Boron, and Solubor + Coron. Flower cluster N 
concentrations averaged across all treatments 
were 2.8%, 3.1%, 3.2%, 3.6%, and 2.8% in 
1996–2000, respectively. Leaf N concentra-
tions averaged across all treatments were 2.1%, 

Table 3.  Effect of B spray treatments applied at the full pink  owering stage on plant tissue Na concentrations 
of ‘Fuji’ apple trees, Expt. 1.

Spray   Yearz

treatment 1996 1997 1998 1999 2000
Sodium concentration in  ower clusters at full bloom (mg·kg–1)
 Water control 62.4 ay 70.7 a 22.3 a 27.6 a 22.2
 Solubor, soilx 71.8 a 67.7 a 17.3 a 26.1 a 22.1
 Borosol 63.5 a 72.3 a 21.3 a 32.2 ab 21.3
 Liquiborx 101.1 b 125.2 b 92.1 c 189.0 d 23.0
 Mor-Bor 17 63.7 a 68.6 a 21.3 a 29.3 a 21.7
 N-Boron 61.2 a 72.0 a 20.9 a 31.0 ab 23.5
 Soluborx 111.5 b 117.8 b 102.6 c 217.2 d 20.6
 Solubor+Coronx 117.7 b 134.0 b 121.5 d 211.6 d 21.1
 Solubor DFx 101.5 b 117.0 b 94.6 c 143.2 c 22.2
 Sprayborx 76.2 a 78.8 a 41.6 b 74.0 b 21.9
 F statisticw 22.79 24.22 136.21 33.66 0.61
 Pv 0.0001 0.0001 0.0001 0.0001 0.7762
Sodium concentration in midsummer leaves (mg·kg–1)
 Water control 92.3 <61u 16.0 32.0 65.3
 Solubor, soilx 89.6 <61 20.2 31.8 64.2
 Borosol 100.8 <61 21.0 44.9 62.4
 Liquiborx 92.4 <61 23.5 51.3 71.5
 Mor-Bor 17 102.3 <61 21.5 46.5 67.1
 N-Boron 91.1 <61 21.9 39.7 69.7
 Soluborx 105.8 <61 18.8 39.9 64.3
 Solubor+Coronx 95.8 <61 22.3 42.6 69.3
 Solubor DFx 102.8 <61 20.5 44.5 70.2
 Sprayborx 93.6 <61 20.0 38.3 70.4
 F statistic 1.35 NA 0.74 1.91 0.33
 P 0.2491 NA 0.6662 0.0821 0.9570
zB application rates: 0.56 kg·ha–1 in 1996–98; 1.12 kg·ha–1 in 1999; none (2000).
yMean separation in columns by Duncan’s multiple range test at P = 0.05.
xTreatment product contains Na.
wF test statistic (9, 36 degrees of freedom).
vLevel of signi cance for F test.
uNA = method limit of detection was 61 mg·kg–1 in 1996–97; equipment modi cations lowered method 
limit of detection in subsequent years.

Table 2.  Effect of B spray treatments applied at the full pink  owering stage on plant tissue B concentrations 
of ‘Fuji’ apple trees, Expt. 1.

Spray   Yearz

treatment 1996 1997 1998 1999 2000
Boron concentration in  ower clusters at full bloom (mg·kg–1)
 Water control 40.7 ay 30.0 a 24.2 a 23.0 a 26.4 a
 Solubor, soil 57.4 ab 38.4 a 34.9 a 30.7 a 49.4 b
 Borosol 93.6 c 77.3 b 96.9 cd 215.2 d 42.7 b
 Liquibor 95.9 c 114.3 b 99.9 cd 180.0 cd 49.4 b
 Mor-Bor 17 93.6 c 83.0 b 62.5 b 108.5 b 39.8 b
 N-Boron 89.2 bc 96.0 b 109.9 de 189.4 cd 49.8 b
 Solubor 102.9 c 84.3 b 102.6 cd 203.5 d 38.4 ab
 Solubor+Coron 106.2 c 106.6 b 126.2 e 185.8 cd 41.1 b
 Solubor DF 93.5 c 86.1 b 109.7 de 161.5 bcd 36.5 ab
 Spraybor 81.8 bc 84.9 b 85.8c 138.3 bc 41.7 b
 F statisticx 6.78 5.53 24.57 12.14 2.86
 Probabilityw 0.0001 0.0001 0.0001 0.0001 0.0118
 Boron concentration in midsummer leaves (mg·kg–1)
 Water control 36.3 20.8 a 16.0 18.5 a 28.0
 Solubor, soil 39.5 28.0 c 20.2 29.6 bc 36.2
 Borosol 34.4 20.5 a 21.0 29.8 bc 33.6
 Liquibor 39.8 25.6 abc 23.5 27.4 bc 35.5
 Mor-Bor 17 36.3 27.3 bc 21.5 26.9 bc 31.4
 N-Boron 36.9 24.0 abc 21.9 30.1 c 35.6
 Solubor 38.7 25.4 abc 18.8 28.9 bc 34.8
 Solubor+Coron 37.4 21.2 ab 22.3 29.8bc 35.7
 Solubor DF 36.6 28.1 c 20.5 23.1 ab 32.1
 Spraybor 36.5 25.9 abc 20.0 28.1 bc 35.6
 F statistic 1.10 2.29 1.13 3.23 1.63
 Probability 0.3862 0.0379 0.3673 0.0057 0.1441
zB application rates: 0.56 kg·ha–1 in 1996–98; 1.12 kg·ha–1 in 1999; none (2000).
yMean separation in columns by Duncan’s multiple range test at P = 0.05.
xF test statistic (9, 36 degrees of freedom).
wLevel of signi cance for F test.
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2.2%, 2.5%, 2.2%, and 2.3% in 1996–2000, 
respectively, and were consistent with values 
reported as optimal for ‘Fuji’/M.26 by Fallahi 
et al. (2002a).

The experimental treatments had no effect 
on the concentrations of the other mineral 
elements, with the exception of a few incon-
sistent effects for some element and tissue 
combinations that likely were random effects 
(incorrect rejection of the null hypothesis). 
In all years, leaf P, K, Ca, Mg, S, Mn, Fe, 
and Al concentrations fell within desirable 
ranges for apple. Suboptimal concentrations 

were present for leaf Zn in 1996–99 (average 
9.8 mg·kg–1; increased to 49 mg·kg–1 in 2000 
when postbloom Zn spray was applied) and 
for leaf Cu (average 4.8 mg·kg–1 for all years), 
re ecting the endemically low status of these 
elements occurring in Washington orchards 
(Peryea, 1994).

Mineral element concentrations in plant 
tissues, Expt. 2. Flower cluster and leaf B 
concentrations in the Control treatment of Expt. 
2 were consistent with the Control treatment 
of Expt. 1 (Table 4). The Expt. 2 B-containing 
treatments had a very highly signi cant effect 

on  ower cluster B in every year. All of the 
B sprays caused  ower cluster B to increase 
relative to the control treatment. The poly-
borate-based Solubor, Albion Liquid B, and 
Greenleaf B tended to generate higher  ower 
cluster B than did the boric acid-based Mor-
Bor 17, B-17, and Boron X-tra. The latter three 
products produced equivalent  ower cluster 
B concentrations and did not increase  ower 
cluster Na relative to the control, consistent 
with the absence of Na in their formulations. 
The Na-containing Solubor, Albion liquid B, 
and Greenleaf B increased  ower cluster Na 
relative to the control.

Although average leaf B concentration was 
always higher in the B treated trees than in the 
control trees, a signi cant treatment effect was 
observed only in 2000 when the B application 
rate was tripled compared to previous years 
(Table 4). Leaf B concentrations even in the 
B-sprayed trees were lower than desirable in 
1998. As in Expt. 1, leaf B and Na concentra-
tions of the control trees increased substantially 
from 1998 to 2000.

The treatments had no effect on the con-
centrations of the other mineral elements in 
either  ower cluster or leaf tissue in any year, 
with the exception that the Albion Liquid B 
treatment had higher leaf Cu concentration 
than did the other treatments in 1998, likely a 
random effect. In all years, leaf P, K, Ca, Mg, 
S, Mn, Fe, and Al concentrations fell within 
desirable ranges for apple. Leaf Zn and Cu 
concentrations were lower than desirable and 
behaved as in Expt. 1.

Fruit quality attributes, Expts. 1 and 2. In 
Expt. 1, the B spray treatments had no effect 
on any of the measured fruit quality attributes 
in 1998, and no effect on most of the attributes 
in 1999 and 2000. In 1999, signi cant treat-
ment effects were observed on L

e
, b

e
, hue, and 

titratable acidity, with some of the B treatments 
showing minor differences from the control 
treatment for the  rst three variables. In 2000, 
L

e
, a

e
, b

e
, and hue were signi cantly in uenced 

by treatment; however, differences in mean val-
ues occurred only between B-treated plots and 
none of the means for B-treated plots differed 
from the control. Mean fruit characteristics, 
averaged across all treatments for each year, 
were (attribute, mean values for 1998, 1999, 
and 2000): mass, 294, 303, and 328 g;  rmness, 
63, 69, and 66 N; soluble solids concentra-
tion, 15.1%, 15.7%, and 14.7 %; titratable 
acidity, 0.31%, 0.40%, and 0.34% malic acid 
equivalent; machine peel lightness index L

e
, 62, 

63, and 51 (higher value is lighter); machine 
external a

e
 (red/green index), 12.4, 11.2, and 

9.8; machine external b
e
 (yellow/blue index), 

13.8, 16.4, and 17.7; and hue angle, 48°, 55°, 
and 61° degrees (0° is red; 90° is yellow). The 
fruit would be characterized as very large, in-
termediate between red and yellow color with 
a tendency towards yellow,  rm for their large 
size, and high in both sugars and acidity. These 
are all classic attributes of ‘Fuji’ apple.

In Expt. 2, the B spray treatments had no 
effect on any of the measured fruit quality at-
tributes in any year except for 2000, when a 
weak (P = 0.0414) treatment effect on the b

e
 

machine color index was observed. Average 

Table 4. Effect of B spray treatments applied at the full pink  owering stage on plant tissue B and Na 
concentrations of ‘Fuji’ apple trees, Expt. 2.

Spray  Boronz   Sodium
treatment 1998 1999 2000 1998 1999 2000
Boron and sodium concentration in  ower clusters at full bloom (mg·kg–1)
 Water control 25.6 ay 26.2 a 28.4 a 24.0 a 40.2 a 43.0a
 Mor-Bor 17 78.3 b 55.6 b 134.4 b 25.3 a 43.3 a 39.0 a
 B-17 78.2 b 63.0 bc 162.5 bcd 24.9 a 43.2 a 45.2 a
 Solubor 95.7 b 63.1 bc 205.1 cd 99.1 b 78.2 b 251.6 b
 Albion Liquid B 119.1 c 87.0 c 214.6 d 118.2 b 105.6 c 296.0 c
 Greenleaf B Micro 120.5 c NT NT 289.8 c NT NT
 Boron X-tra NTx NT 150.8 bc NT NT 51.1 a
 F statisticw 30.70 7.50 13.59 12.14 23.96 86.50
 Pv 0.0001 0.0013 0.0001 0.0001 0.0001 0.0001
Boron and sodium concentration in midsummer leaves (mg·kg–1)
 Water control 14.4 21.0 26.4 ay 34.6 40.1 67.5
 Mor-Bor 17 18.5 26.6 37.1 bc 31.6 37.2 68.3
 B-17 17.3 26.6 34.7 b 29.7 35.8 66.7
 Solubor 19.8 27.5 41.9c 33.9 45.4 80.3
 Albion Liquid B 19.0 26.6 39.4 bc 38.4 39.9 79.7
 Greenleaf B Micro 20.4 NT NT 38.2 NT NT
 Boron X-tra NT NT  40.2 c NT NT 75.6
 F statistic 1.11 1.37 12.00 0.57 2.94 0.54
 P 0.3861 0.2885 0.0001 0.7249 0.0534 0.7430
zB application rates: 0.56 kg·ha–1 in 1998–99; 1.68 kg·ha–1 in 2000.
yMean separation in columns by Duncan’s multiple range test at P = 0.05.
xNT = not tested in that particular year.
wF test statistic (5, 20 degrees of freedom in 1998 and 2000; 4, 15 degrees of freedom in 1999).
vLevel of signi cance for F test.

Fig. 1. Relationship between visually perceived fruit skin color (fruit hue angle: 0° is red, 90° is yellow) 
and midsummer leaf B concentration of ‘Fuji’ apple.
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values for measured fruit characteristics were 
consistent with those observed in Expt. 1.

Haller and Batjer (1946) also reported that 
B application produced a yellower background 
color of some cultivars under some conditions. 
In the current experiments, ANOVA indicated 
that a B spray-related increase in fruit yellow 
color appeared only occasionally. When all the 
data for all three years for both experiments 
were combined and evaluated using regression 
analysis, ‘Fuji’ apple yellowness was weakly 
but positively related to midsummer leaf B 
concentration (Fig. 1). These results suggest 
that tree B status may in uence fruit red-to-
yellow color. The other fruit characteristics 
were less well related to leaf B concentration 
(data not shown).

Discussion

All of the tested B spray products and 
product combinations generated similar  ower 
cluster and leaf B concentrations for any given 
year when applied at equivalent rates of actual 
B. The chemical form of B in the product, 
physical state, and presence of additives had 
no consistent and substantive differential 
effects on B phytoavailability. The small 
differences in  ower cluster B concentration 
that occasionally appeared between B spray 
product treatments likely re ect differences 
in spray application ef ciency, B solubility, 
and variable adhesiveness of B spray solution 
due to the presence of component surfactants 
and stickers. None of the differences would be 
considered horticulturally signi cant. The two 
dry boric acid-based products sometimes would 
produce lower  ower cluster B concentrations 
than some of the other B products. Although 
these products theoretically are fully soluble 
at the concentrations used in the experimental 
treatments, slow reaction kinetics preclude 
their complete dissolution at the temperatures 
and within the period of time normally used to 
prepare and apply foliar sprays in the  eld. As 
a result, the spray is a suspension of crystalline 
solid particles and boric acid solution. These 
particles may bounce off the targeted plant 
tissue or adhere, dry and fall off later. The 
end result would be lower B concentrations 
measured for  ower clusters at full bloom. 
Given the inherent high solubility of Na 
polyborate compounds, it is not surprising that 
adding complexing agents had no effect on B 
phytoavailability from foliar sprays.

Failure of the urea additives to enhance 
B uptake is consistent with Heitholt (1994), 
who reported that addition of urea to boric 
acid sprays on cotton failed to increase leaf B. 
Nitrogen applied in urea sprays is absorbed by 
apple leaves (Fallahi et al., 2002b; Toselli et 
al., 2002); hence, some of the spray-applied N 
likely was absorbed by the  ower clusters and 
some retained as spray residue on the unwashed 
 ower cluster surfaces. The total Kjeldahl 
analytical procedure measures N present in 
urea as well as in most other N compounds, 
so it should have detected N contributed by 
the N-Boron and Coron. Failure to detect an 
increase in plant tissue N concentration sug-
gests that any spray-induced increases were 

less than the 100 mg·kg–1 analytical sensitivity 
of the total Kjeldahl procedure, and therefore 
were miniscule compared to the amounts of 
N already existing in the trees and taken up 
from the soil.

The consistent and substantial positive 
effect of the B sprays on  ower cluster B 
concentration at full bloom did not persist into 
the growing season. The B sprays sometimes 
enhanced leaf B concentration, and sometimes 
had no effect. The considerable in uence 
of between-season variation substantially 
complicates use of leaf analysis as a tool to 
micromanage B nutrition in order to manipulate 
fruit quality. There is considerable scienti c 
basis for using fruit B concentration as the 
preferred criterion for assessing B fertilizer 
requirement when apple trees are not de cient 
in B (Bould, 1966; Bramlage and Thompson, 
1962; Peryea et al., 2003).

The correspondence of leaf B concentra-
tions in the soil-applied Solubor treatment and 
the sprayed B treatments indicate that the trees 
eventually absorbed the soil-applied B after a 
lag period. In the experimental orchard, some 
time is required for the soil-applied B to leach 
into the rootzone (requiring rainfall because 
irrigation typically is not used during the 
bloom period), and then for the exogenous B 
to be absorbed by the tree roots, transported 
through the xylem into the upper portions of 
the tree, and accumulated in the  ower clusters 
(root absorption and intra-tree transport are 
slow because of cool temperatures and small 
amounts of transpiring surfaces during the pre-
bloom period). These physical and biological 
constraints slow delivery of soil-applied B to 
the  ower clusters, but eventually some of the 
B appears in the aerial portions of the trees by 
midsummer.

Both the soil and pink spray applications 
of B over a period of years appear to have 
enhanced the background B status of the trees 
by the same degree. Many of the processes 
controlling B uptake will be similar in both 
fertilization practices. Sprayed B not adhering 
to and absorbed by above-ground tree surfaces 
eventually drifts or washes onto the soil where 
it is available for root uptake. Some B in senesc-
ing leaves is reabsorbed by subtending twigs 
and B in decomposing fallen leaves is made 
available for root uptake. The importance of 
application method and timing appears to be 
less important in a sorbitol-rich plant species 
such as apple, in which B is phloem-mobile 
and can be transported within the plant to 
satisfy transitory B demands (Brown, 2001). 
While transient B de ciency of reproductive 
parts can be a particular problem at  owering 
time in deciduous tree fruit species, it should 
be of little concern if overwintering B reserves 
are adequate in the  ower buds and nearby 
branches (Batjer and Rogers, 1953; Callan et 
al., 1978; Hanson and Breen, 1985).

The apple fruit quality results of the current 
experiment are consistent with other experi-
ments where B was applied but not in excess. 
Soil applications of B (Haller and Batjer, 1946) 
and early-season sprays of Solubor (Bramlage 
and Thompson, 1962) had no effect on apple 
fruit  rmness, soluble solids concentration, 

and titratable acidity. The fruits in the control 
plots were of excellent quality even though the 
control treatments had leaf B concentrations 
as low as 16 mg·kg–1. Applying the B sprays at 
any of the tested rates failed to improve upon 
this quality, implying that the fruit already 
contained adequate amounts of B despite low 
leaf B concentration. Apple trees can exhibit 
leaf B concentrations as low as 15 mg·kg–1 
without apparent ill effect (Askew, 1935; 
Bramlage and Thompson, 1962; Burrell et al., 
1956; Woodbridge, 1937). Fruit symptoms of 
B de ciency are more commonly expressed 
than are vegetative symptoms, which normally 
appear only under circumstances of extreme 
de ciency (Oberly and Boynton, 1966). Nu-
merous authors have concluded that the greatest 
demand of apple for B was early in the growing 
season (e.g., Johnson and De Long, 1937); 
hence, the high B concentrations in the  ower 
clusters in the current experiments should 
preclude B insuf ciency-related pollination 
and fruit set problems. Based on ‘Gala’ apple 
behavior, the pink B sprays would generate 
increased fruit B concentration (Peryea et al., 
2003), which would account for failure to  nd 
impaired fruit quality even in the presence of 
low leaf B concentration.

Application of B at the recommended an-
nual maintenance rate of 0.56 kg ha-1 failed to 
maintain leaf B concentration at a desirable 
level. The WSU spray guide currently recom-
mends an annual B maintenance rate of 1.12 
kg·ha–1 (applied in two or more sprays) for 
orchards planted on irrigated sandy or cal-
careous soils, or on nonirrigated soils (Smith, 
2004). In the current experiments, increasing 
the B application rate to 1.12 or 1.68 kg·ha–1 
produced consistently detectable and not exces-
sive increases in leaf B concentrations. While 
this result suggests that the higher maintenance 
rate perhaps should be applied to loamy sand 
and coarse sandy loam soils as well, the Expt. 1 
results indicate that B spray application for four 
years did contribute to enhanced background B 
status of the trees. A preferable alternative to 
using a  xed B maintenance rate, which inad-
vertently could induce B toxicity, would be to 
develop a quantitative procedure for estimating 
tree B status before B is applied.

The amounts of Na in the Na polyborate-
based products applied at commercial fertil-
izer rates were apparently too low to induce 
Na toxicity or impair fruit quality. Leaf Na 
concentrations in the B-sprayed trees were less 
than 106 mg·kg–1, substantially lower than the 
2500 to 5000 mg·kg–1 threshold above which 
Na toxicity is expected to occur (Ayers and 
Wescot, 1979).

Conclusions

The results of these experiments on ‘Fuji’ 
apple indicate that all of the tested B products 
were equally effective at increasing  ower 
cluster B, and sometimes leaf B, when applied 
in a single-product spray at pink  owering 
timing. Boron application rate was more in-
 uential than was B source. The presence of 
N compounds or other additives did not in u-
ence B phytoavailability. The amount of Na 
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contributed by Na polyborate-based products 
applied at commercial rates was too small to 
be of concern. The criteria for choosing among 
the B products therefore should be based on 
other properties of the products, such as cost 
per unit B, reaction in spray tank mixes, and 
ease of handling. The inconsistent effect of 
the pink timing sprays on leaf B suggests that 
an additional post-bloom spray may be useful 
to satisfy vegetative tissue B demands. The 
results also con rm the need for application 
of B maintenance sprays to maintain desir-
able leaf B levels. Because of the substantial 
in uence of inter-seasonal variation, the B 
application rate should be determined by site-
speci c information rather than by blanket 
recommendation if precise management of B 
nutrition is desired.
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