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SUMMARY. ‘GoldRush’ is a new scab
(Venturia inaequalis) resistant apple
(Malus ×domestica) with excellent
flavor and storage qualities that tends
to produce small and russeted fruit.
We investigated the effects of rate,
timing, and method of nitrogen (N)
fertilizers on ‘GoldRush’ fruit size
and quality during 1998–99. Fertil-
izer treatments were 1) no N fertilizer
(control); 2) a low N rate of 45 kg.ha–1

(40.1 lb/acre) applied in April (LN-
Apr); 3) a low N rate of 45 kg.ha–1

applied half in April and half in June
(LN-Apr+Jun); 4) a high N rate of 90
kg.ha–1 (80.3 lb/acre) split in April
and June (HN-Apr+Jun); 5) a high N
rate of 90 kg.ha–1 applied in April,
May, June, and July at 22.5 kg.ha–1

(20 lb/acre) each month (HN-
Apr+May+Jun+Jul); and 6) canopy
sprays of 1% (wt/wt) urea-N, equiva-
lent to 7 kg.ha–1 (6.2 lb/acre) applied
monthly in May, June, July, and
August (foliar urea). In 1998, an
additional foliar urea spray at 5% (wt/
wt) concentration was applied to trees
after harvest. The first year’s N
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treatments did not affect relative
average fruit weights or total yields,
but unfertilized trees produced more
fruit in smaller size categories.
Nitrogen fertilization resulted in
greener and softer fruit both years. In
the second year, all N additions
increased yields compared with
controls, but average fruit weight was
inversely correlated with crop load.
Foliar urea sprays and HN-
Apr+May+Jun+Jul treatments
increased yields the most. Fruit from
LN-fertilized trees were normally
distributed across a range of eight
box-count size categories, peaking at
size 100 both years. In the unfertil-
ized control, fruit size was skewed
into smaller size categories and yield
was reduced. Total yields were
greatest in foliar urea and HN-
Apr+May+Jun+Jul treatments, but
fruit-size distribution was skewed into
smaller categories, peaking at size 138
in the second year. Foliar urea and
HN-Apr+May+Jun+Jul treatments
produced the highest crop value, but
when estimated labor and fertilizer
costs were considered, foliar urea and
LN-Apr+Jun were the most efficient
treatments. Nitrogen fertilizer
improved fruit size and market value,
but average fruit size in all treatments
remained relatively small in both
years, indicating that N fertilization
alone may not increase fruit size in
‘GoldRush.’

GoldRush’ is a scab-resis-
tant apple variety released
in 1994 from Purdue Uni-

versity in West Lafayette, Ind.
‘GoldRush’ has high sugar and acid
content, and excellent storage qualities.
Its flavor, acidity, and texture are re-
tained for more than 6 months in regu-
lar cold storage and its appearance and
eating quality actually improve after sev-
eral months in storage (Crosby et al.,
1994). These traits could make
‘GoldRush’ an ideal variety for organic
growers and fruit processors or direct-
marketers without controlled atmo-
sphere storage facilities. However, pro-
duction of ‘GoldRush’ has been limited
by its tendency to produce small fruit
even with chemical thinning and irriga-
tion. Apple growers receive premium
prices for larger fruit, and processors set
minimum size requirements for most
varieties. Therefore, inadequate fruit size
could impede acceptance of ‘GoldRush’
by growers and processors.

Fruit size in apple is determined by
the interaction of varietal genetic traits,
environmental conditions and cultural

practices in the orchard. Nitrogen fer-
tilization is a common practice to in-
crease fruit size and yield, and maintain
adequate tree vigor (Stiles and Reid,
1991). However, the effects of N fertili-
zation are variable, and some studies
have shown little or no fruit-size re-
sponse to increasing rates of N fertiliza-
tion (Goode and Higgs, 1977; Hipps et
al., 1990; Johnson and Samuelson,
1990; Neilsen et al., 1999). Further-
more, fruit size and yield increases in
response to N fertilizers are sometimes
offset by undesirable impacts on fruit
color and quality (Fallahi et al., 1997;
Raese and Drake, 1997). If tree N re-
serves are already adequate, then fertil-
izer applications may be counter-pro-
ductive (Magness et al., 1948). When
tree N demand exceeds soil N availabil-
ity, trees will usually respond in growth
and yield to applied N fertilizer. How-
ever, when soil N availability exceeds
tree N demand, trees are often unre-
sponsive to applied N, crop uptake of N
fertilizer decreases, and the N leaching
potential increases (Weinbaum, et al.,
1992).

There are no previous published
studies of ‘GoldRush’ fruit-size re-
sponses to N fertilizers, and sufficiency
ranges for leaf N of ‘GoldRush’ in New
York have been estimated at 2.2% to
2.4% without conclusive data (Stiles and
Reid, 1991). This study was conducted
to determine if N fertilizer treatments
would increase fruit size of ‘GoldRush,’
and to evaluate different rates (amounts),
times and methods of N fertilization for
this apple variety.

Methods and materials
Two adjacent blocks of ‘GoldRush’

trees planted in 1994 (82 trees) and
1996 (98 trees) in a research orchard in
Lansing, N.Y. were selected for this
experiment. All trees were on ‘Malling
7a’ (M.7a) rootstock, spaced 2.4 × 4.8
m (8 × 16 ft) apart and trained to a
modified vertical axe system on metal
poles. The orchard soil was a silty clay
loam (mixed, mesic, Glosaquic
Hapludalf) with an average pH of 6.6,
and 4.0% organic matter. Weeds were
suppressed in a 1.2-m-wide (4-ft) strip
in tree rows with post-emergent herbi-
cide applications in May and July each
year, and alleyways were maintained in
mowed sod groundcover. Trees were
trickle irrigated whenever average soil
water potential dropped below –85 kPa
(centibars) in the tree row, with pres-
sure compensating drip emitters at 40.6-

cm (16-inch) intervals adjacent to each
tree. Leaf N content of trees averaged
2.6% the year before the study (1997),
and all trees were fertilized with 561.2
kg.ha–1 (500 lb/acre) of sulfate of pot-
ash-magnesium in November each year.
Pruning, chemical fruit thinning and
other cultural practices were typical for
commercial apple orchards in the north-
eastern U.S.

EXPERIMENTAL DESIGN AND TREAT-
MENTS. The experimental design was a
randomized complete block with six
treatments. In both 1998 and 1999, the
N fertilizer treatments were 1) no N
fertilizer (control); 2) a low N rate of 45
kg.ha–1 applied in April (LN-Apr); 3) a
low N rate of 45 kg.ha–1 split half in April
and half in June (LN-Apr+Jun); 4) a
high N rate of 90 kg.ha–1 split in April
and June (HN-Apr+Jun); 5) a high N
rate of 90 kg.ha–1 applied in April, May,
June, and July at 22.5 kg.ha–1 each
month (HN-Apr+May+Jun+Jul); and
6) canopy sprays of 1% (wt/wt) urea-N,
equivalent to equivalent to 8 g (0.2 oz)
per tree or 7 kg.ha–1 applied as four
treatments in May, June, July, and Au-
gust each year (foliar urea). In 1998, a
fifth urea spray was applied at 5% (wt/
wt) concentration in the foliar N treat-
ment, equivalent to 40 g (1.4 oz) per
tree or 35 kg.ha–1 (31.2 lb/acre) of N in
early November after harvest when leaves
were still green and functional. Urea
sprays were applied to the point of leaf
runoff, so that larger trees (those planted
in 1994) received about 50% more urea
per tree than the smaller trees (those
planted in 1996).

Fertilizer N was applied to soil in
the middle of each designated treat-
ment month both years, as granular
ammonium nitrate (36% N), spread
uniformly over the herbicide strip around
each tree within the wetting pattern of
irrigation emitters. Urea sprays were
applied with a motorized airblast back-
pack sprayer in enough spray volume to
wet each tree to incipient drip. Trees for
experimental treatments were selected
in May 1998, based upon uniform bloom
density and tree vigor. For statistical
analyses, trees were blocked by year of
planting, and fertilizer treatments were
replicated three times in each block for
a total of six replicates. Treatments were
applied to three-tree plots, with a single
tree (usually the center one) selected for
subsequent collection of data.

LEAF, SPUR AND SOIL SAMPLING.
In 1998 and 1999, leaf samples were
collected 60 to 70 d after petal fall for
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determination of foliar nutrient con-
centrations. Twenty-five leaves on each
measurement tree were collected from
the mid portion of current season shoots,
composited, and dried to constant
weight in paper bags at 80 °C (176.0
°F). Nitrogen concentrations were de-
termined by a micro-Kjeldahl proce-
dure (Greweling, 1976). Other macro-
and micro-nutrients were extracted from
dry ashed samples in ammonium ac-
etate, and concentrations were deter-
mined by inductively coupled plasma
atomic emission spectroscopy (model
975 Plasma Atom Comp; Thermo Jarrel-
Ash Corp, Franklin Mass.). Soil samples
were collected at the same time as leaf
sampling in July 1998. Soil cores were
augured to a depth of 30 cm (11.8
inches) from three locations beneath
each measurement tree and composited
for analysis. Soil organic matter content
was determined by loss on ignition at
500 °C (932.0 °F) for 2 h. Soil pH was
measured in a 1 part soil : 1 part water
solution. Soil macronutrient concentra-
tions were determined by extraction in
Morgan’s solution at a 1 soil : 5 solution
ratio and by atomic absorption flame
spectrometry (Greweling and Peech,
1965). In March 1999, 10 spurs about
2.5 cm (1 inch) in length with flower
buds attached were collected from the
perimeter of each tree. The samples
were composited and oven dried to
constant weight in paper bags at 80 °C
(176.0 °F), and then analyzed for N
using a micro-Kjeldahl procedure.

In 1999, bloom density and fruit
set were assessed by selecting two
branches about 2.5 cm in diameter on
each tree, measuring basal limb circum-
ference and counting blossom clusters
during full bloom. Trees in all treat-
ments were chemically thinned each
year with napthaleneacetic acid and car-
baryl at typical recommended rates and
timing for New York orchards (Agnello
et al., 1999), applied by airblast sprayer
several weeks after petal fall. In late June
when fruit drop was finished, the per-
centage of flowers that set was estimated
on the same limbs by counting the
remaining fruit. After terminal bud set
in early August each year, 20 randomly
selected terminal extension shoots from
each tree were measured to assess tree
growth.

FRUIT SAMPLING AND EVALUATION.
Fruit were harvested on 23 Oct. 1998
and 28 Oct. 1999. All fruit on each tree
were counted and weighed, and average
fruit weight was determined. A ten-fruit

subsample was assessed for maturity,
selecting fruit within ±5% of the mean
fruit weight for each replicate tree. Blush
and background color were assessed
with a chromameter (CR-200; Minolta
Corp, Ransey, N.J.) by taking one sepa-
rate reading from the blush and back-
side of each fruit, calibrated to illuminant
level C. Chromaticity values were re-
corded in the Commission
Internationale d’Eclairage (C.I.E.) L*,
a*, and b* color-space coordinates.
These values were later converted to
hue angle (McGuire, 1992). Percent
blushed surface area of each apple was
estimated visually. Firmness was mea-
sured on opposite sides of each fruit
using an EPT-1 pressure tester (Lake
City Technical Products, Lake City,
Canada) fitted with an 11.1-mm (0.43-
inch) Effigi tip. The juice resulting from
these punctures was combined and as-
sessed for soluble solids concentration
with a digital refractometer (Atago PR-
100; McCormick Fruit Tech, Yakima,
Wash.). Titratable acidity was measured
on juice extracted from a blended com-
posite of wedges taken from opposite
sides of each apple, with an autotitrator
(DL12; Mettler, Highstown N.J.).
Fruit-maturity starch patterns were as-
sessed using the Cornell generic starch-
iodine index chart, where 1 = immature
and 8 = overmature (Blanpied and Silsby,
1992). The remaining fruit were all
then stored at 0 °C (32.0 °F) for subse-
quent evaluations.

FRUIT SIZE DISTRIBUTION. Fruit
from each replicate tree were separated
into eight size categories with a
Pomone Sizer (serial no. 99017), two-
lane grader, with six outlets (MAF
Industries Inc., Traver, Calif.). Fruit
were graded into box-count sizes [64,
72, 80, 88, 100, 113, 125, and 138
apples per 1-bushel (35.2-L) box, and
culls] according to the weight of each
fruit. The fruit-weight ranges defining
each box-count size category were size
64 = >332 g (11.7 oz), size 72 = 282
to 332 g (10.0 to 11.7 oz), size 80 =
252 to 282 g (8.9 to 10.0 oz), size 88
= 227 to 252 g (8.0 to 8.9 oz), size 100
= 204 to 227 g (7.2 to 8.0 oz), size 113
= 180 to 204 g (6.4 to 7.2 oz), size 125
= 161 to 180 g (5.7 to 6.4 oz), size 138
= 145 to 161 g (5.1 to 5.7 oz), and
culls <144 g (5.1 oz). Fruit size distri-
bution data were recorded as the per-
centage in each box-size category,
transformed to arcsine values to stabi-
lize variances before statistical analy-
ses.

ECONOMIC ANALYSIS OF N TREAT-
MENTS. Yields from each N treatment
were evaluated to estimate market value.
Return per hectare was calculated from
yield and fruit size distribution for each
treatment. Price per box was estimated
based on published market values for
Washington State Extra Fancy ‘Golden
Delicious’ apples (The Packer, 2000),
during January 2000—a likely time when
‘GoldRush’ fruit would be marketed
following cold storage. Monetary crop
values represented net return per 1 ha
(2.47 acres) without deducting costs of
fertilizer or labor.

FRUIT QUALITY AFTER STORAGE.
In 1998, fruit were removed from stor-
age after 5 months and evaluated after 1
week at room temperature [20 °C (68
°F)]. Fruit quality evaluations (based on
10-fruit samples) included firmness,
soluble solids, background color and
the presence of decay or internal disor-
ders. Evaluations were made using the
same methods described for harvest tests.

STATISTICAL ANALYSIS. Data were
subjected to analysis of variance using
the Statview 5.0 statistical package (SAS
Inc., Cary, N.C.). Data from trees
planted in 1994 and 1996 were pooled,
using tree age as a blocking factor.
When treatment effects were statisti-
cally significant at P < 0.05, pairwise
contrasts were made between treatments
of interest. Data for each year were
analyzed separately, due to significant
year × treatment interactions in the
analysis of variance.

Results and discussion
TREE N STATUS. All N fertilizer

treatments increased leaf N concentra-
tions compared with controls in 1998
and 1999 (Table 1). However, amount
and time of N application made little
difference, and soil applications did not
increase leaf N more than foliar urea
sprays. At the time of sampling in 1998,
only 67.5 kg.ha–1 (60.2 lb/acre) had
been applied in HN-Apr+May+Jun+Jul
split treatment. This may partly explain
why leaf N concentrations were lower
when HN was split over 4 months
instead of 2 months. In both years, leaf
N concentrations across all treatments
were below the recommended range of
2.2 to 2.4% for comparable apple variet-
ies in N.Y. (Stiles and Reid, 1991). Leaf
N concentrations were especially low
following extended drought early in the
1999 growing season, despite supple-
mental trickle irrigation. This observa-
tion suggests that a substantial portion
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of N uptake occurs outside the drip-
irrigated root-zone in humid region
orchards. Although leaf N was reduced
in the drought year (1999), fertilized
trees still maintained higher N levels
than controls.

Nitrate-N in soil samples during
July 1998 differed among treatments
(data not shown). Control plots had no
detectable soil nitrate at the time of
sampling, while foliar urea plots aver-
aged 1.2 mg·kg–1 (ppm). Splitting LN
applications increased mid summer soil
nitrate concentrations compared with
the single early application (LN-Apr =
2.9 mg·kg–1 versus LN-Apr+Jun = 17.5
mg·kg–1). Higher amounts of N fertili-
zation also increased soil nitrate con-
centrations relative to control and LN
treatments; but there were negligible
differences between the HN treatments
(HN-Apr+Jun = 44.3 mg·kg–1 versus HN-
Apr+May+Jun+Jul = 37.6 mg·kg–1). Soil
samples were taken before the final (July)
N fertilizer application in the HN-
Apr+May+Jun+Jul treatment, when
only 67.5 kg.ha–1 of N had been applied.
Splitting N applications may increase

soil N availability over an extended pe-
riod of time, increasing N-use efficiency
and reducing the potential for N leach-
ing (Weinbaum et al., 1992).

Most N fertilizer treatments in-
creased spur N concentration compared
with unfertilized controls (Table 1).
The HN treatments increased spur N
levels more than LN treatments regard-
less of application timing. Foliar urea
sprays increased spur N compared with
conventional LN soil applications in
April, but we could not determine if the
increase from foliar urea was attributed
to spring, summer or 1998 postharvest
urea sprays. Foliar urea sprays and/or
high rates of soil-applied N in late spring
and early summer increased tree N re-
serves more than low rates of soil-ap-
plied N earlier in the season. Other
studies have also shown that autumn
soil N applications and urea sprays in-
creased reserve N content in dormant
flower buds of pome fruits (Khemira et
al., 1998; Oland, 1960; Sanchez et al.,
1992; Williams, 1965).

SHOOT GROWTH, BLOOM DENSITY,
AND FRUIT SET. Shoot growth increased

in both years with soil N applications,
and with foliar urea sprays in 1999
(Table 1). However, HN applications
did not increase shoot growth more
than LN in either year. Time of N
application did not influence shoot
growth in the HN treatment, but split-
ting LN between April and June in-
creased shoot growth compared with a
single April application in 1999. Shoot
growth was positively correlated with
leaf N in 1998 (r2 = 0.69, P < 0.001, for
linear regression model), but not in
1999 (r2 = 0.16, P = 0.102).

Nitrogen fertilizers did not enhance
bloom density compared with the con-
trol treatment, but HN-
Apr+May+Jun+Jul trees had greater
bloom density and fruit set than HN-
Apr+Jun trees, and all N treatments
increased fruit set relative to controls
(Table 1). Fertilization timing appeared
to be an important factor in fruit set,
with increased set when HN applica-
tions had extended into July. Improved
fruit set the subsequent spring after
midsummer N applications was also re-
ported by Williams (1965), who specu-

Table 1. Nitrogen (N) treatment effects on leaf and spur N concentration, shoot growth (1998–99), and flowering and fruit set of
‘GoldRush’ apple trees in 1999. Values are means of six replicate trees per treatment.

Bloom density Fruit/100
Leaf N Spur N Shoot growth flower clusters LCSA blossom

N (%) (%) (cm)z (no./cm2 LCSA)z (cm2) clusters
treatmentx 1998 1999 1999 1998 1999 1999 1999 1999

Control (no N) 1.83 1.52 1.39 27.0 11.2 22.9 4.3 18
LN-Apr 2.10 1.59 1.41 34.1 17.3 17.8 4.6 28
LN-Apr+Jun 2.05 1.70 1.49 33.8 23.7 18.0 4.4 26
HN-Apr+Junx 2.11 1.65 1.62 35.4 20.2 16.3 4.7 28
HN-Apr+May+Jun+Jul 1.93 w 1.75 1.61 34.2 20.6 24.5 9.4 39
Foliar urea-May+Jun+Jul+Augv 1.97 1.68 1.58 30.2 21.2 19.3 5.8 29
P for analysis of variance 0.014 0.07 <0.001 0.008 0.015 0.028 0.004 0.09
SE 0.03 0.03 0.02 1.16 1.12 0.87 0.58 2.66
Pairwise contrasts

Control versus N treatments ** * ** *** *** NS * *
Both LN versus HN treatments NS NS *** NS NS NS * NS
LN-Apr versus LN-Apr+Jun NS NS NS NS * NS NS NS
HN-Apr+Jun versus
   HN-Apr+May+Jun+Jul * NS NS NS NS ** * *
LN-Apr+Jun versus
   HN-Apr+Jun NS NS * NS NS NS NS NS
Foliar urea versus control NS * ** NS ** NS NS NS
Foliar urea versus LN-Apr NS NS ** NS NS NS NS NS

z1.0 cm =0.39 inch.
yLCSA = limb cross-sectional area, 1.0 cm2 = 0.16 inch2.
xLN = low N fertilizer rate = 45 kg.ha–1 (40.1 lb/acre) of soil-applied N fertilizer in April (Apr), or split equally in April and June (Apr+Jun) each year.
HN = high N fertilizer rate = 90 kg.ha–1 (80.3 lb/acre) of soil-applied N fertilizer all in April, split equally in April and June, or in April, May, June, and July (Apr+May+Jun+Jul)
each year.
wOnly 67.5 kg.ha–1 (60 lb/acre) of this HN treatment had been applied at the time of leaf sampling in 1998.
v1% foliar urea sprays applied in May, June, July, and August (May+Jun+Jul+Aug) 1998 and 1999, and one 5% urea spray postharvest in 1998. Trees planted in 1994 received 60
kg.ha–1 (53.5 lb/acre) of urea-N in 1998, and 30 kg.ha–1 (26.8 lb/acre) in 1999. Trees planted in 1996 received 35 kg.ha–1 (31.2 lb/acre) of urea-N in 1998, and 15 kg.ha–1 (13.4
lb/acre) in 1999.
NS,*,**,***Nonsignificant, or significant trends at P < 0.05, 0.01, or 0.001 respectively.
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lated that previous late summer N sup-
ply increased the effective pollination
period during the next year’s bloom.
Unlike previous reports, foliar urea ap-
plications did not increase bloom den-
sity or fruit set in our trees (Khemira et
al., 1998; Oland, 1960; Sanchez et al.,
1992).

FRUIT COLOR. Fully mature
‘GoldRush’ fruit have a yellow back-
ground color with lightly blushed red-
dish overtones, and all of our N treat-
ments reduced the percentage of blushed
surface in both years (Table 2). Red
color intensity, measured as hue angle,
was also lower on N fertilized trees in
1998. Differences in blush among N
treatments were inconsistent from year
to year, but HN tended to reduce
blushed surface area and red color in-
tensity relative to LN.

Background color was greener on
all N fertilized fruit, as evidenced by
higher hue angles in both years (Table
2). In 1998, fruit from HN treatments
were greener compared with LN treat-
ments, and fruit from trees receiving
foliar urea were greener than fruit re-
ceiving LN-Apr fertilizer applications.

In 1999, yellow background color de-
creased in all N fertilized fruit relative to
controls, but did not differ among meth-
ods, amounts or times of N application.
Neilsen et al. (1984) found that high N
supply delayed chlorophyll breakdown
and reduced yellow background color
in ripening ‘Golden Delicious’ apples,
in agreement with our results from 1998.
To the contrary, Hansen (1980) re-
ported that soil N applications in late
spring or early summer reduced yellow
coloration relative to early spring N
treatments, but we did not observe this
trend.

FRUIT MATURITY AND INTERNAL

QUALITY. Fruit maturity at harvest, as
determined by starch index ratings, was
not affected by N treatments either year
(Table 2). Fruit firmness was reduced
2.0 to 5.5 N (0.4 to 1.2 lb) by all N
treatments relative to controls, but did
not differ significantly among N rates
and timing. Neilsen et al. (1984) also
reported no difference in firmness of
‘Golden Delicious’ apple over a range of
N fertilization from 30 to 180 kg.ha–1

(26.8 to 160.6 lb/acre). Foliar urea did
not reduce fruit firmness compared with

unfertilized trees in 1998, but did in
1999. In a softer fleshed variety such a
loss of firmness with N treatments could
be detrimental, but ‘GoldRush’ fruit
remained very firm even with the high-
est amounts of N fertilization in our
study.

Soluble solids in fruit were above
14% in all treatments both years, and
were higher in controls than fertilized
trees in 1999 (Table 2). Fruit from the
HN-Apr+May+Jun+Jul treatment had
lower soluble solids compared to HN-
Apr+Jun, as did foliar urea compared to
LN-Apr. Crop load also affected sugar
concentrations in fruit, with lower
soluble solids in fruit from more heavily
cropped trees. Fertilizer N did not affect
the titratable acidity of any fruit mea-
sured (data not shown).

After 5 months in refrigerated stor-
age and 1 week at 20 °C, the differences
in firmness or soluble solids that we had
observed at harvest time in the various
N treatments were no longer evident
(data not shown). Overholser and
Overley (1939) also reported that early
and midsummer N fertilization reduced
fruit firmness at harvest, but these dif-

Table 2. Nitrogen (N) fertilization effects on color and internal quality attributes of ‘GoldRush’ apples at harvest in 1998 and 1999.
Values are means of 10 fruit samples from six trees per treatment.

Hue angle
Blush Hue anglez background Starch indexy Firmness Soluble solids

N (%) Blush color (1–8) (N)x (%)
treatmentw 1998 1999 1998 1999 1998 1999 1998 1999 1998 1999 1998 1999

Control (no N) 19 30 67.9 63.2 106.4 107.2 3.0 3.3 96.4 94.4 14.9 15.1
LN-Apr 12 18 78.7 73.2 107.9 110.6 3.4 3.5 93.5 94.2 14.3 14.9
LN-Apr+Jun 9 21 81.9 65.7 109.1 109.8 3.2 3.2 92.3 93.0 14.5 14.7
HN-Apr+Jun 12 15 82.6 77.0 109.7 110.2 3.4 3.3 90.8 93.7 14.2 15.0
HN-Apr+May+Jun+Jul 11 13 84.3 71.0 109.5 111.6 3.1 3.8 94.0 92.4 14.6 14.0
Foliar urea-May+Jun+Jul+Aug v 11 18 81.1 66.0 109.4 111.2 3.0 3.5 96.4 92.5 14.4 14.3
P for analysis variance <0.001 0.001 <0.001 0.042 0.001 0.002 NS NS 0.028 0.016 NS 0.007
SE 0.7 1.3 1.26 1.38 0.29 0.32 0.07 0.07 0.68 0.26 0.10 0.11
Pairwise contrasts

Control versus all N treatments *** *** *** NS *** *** NS NS * * NS *
Both LN versus HN treatments NS * * NS * NS NS NS NS NS NS NS
LN-Apr versus LN-Apr+Jun NS NS NS NS NS NS NS NS NS NS NS NS
HN-Apr+Jun versus
   HN-Apr+May+Jun+Jul NS NS NS NS NS NS NS NS NS * NS **
LN-Apr+Jun versus HN-Apr+Jun NS NS NS ** NS NS NS NS NS NS NS NS
Foliar urea versus control treatment *** *** *** NS *** *** NS NS NS ** NS *
Foliar urea versus LN-Apr NS NS NS NS * NS NS NS NS NS NS *

zHue angle values derived from a system where 0 = red, 90 =yellow, 180 = green, and 270 = blue.
yCornell starch chart: 1= no starch hydrolysis, 8 = 100% starch hydrolysis.
x4.45 N=1.0 lb.
wLN = low N fertilizer rate = 45 kg.ha–1 (40.1 lb/acre) of soil-applied N fertilizer in April (Apr), or split equally in April and June (Apr+Jun) each year.
HN = high N fertilizer rate = 90 kg.ha–1 (80.2 lb/acre) of soil-applied N fertilizer all in April, split equally in April and June, or in April, May, June, and July (Apr+May+Jun+Jul)
each year.
v1% foliar urea sprays applied in May, June, July, and August (May+Jun+Jul+Aug) 1998 and 1999, and one 5% urea spray postharvest in 1998. Trees planted in 1994 received
60 kg ha–1 (53.5 lb/acre) of urea-N in 1998, and 30 kg ha–1 (26.8 lb/acre) in 1999. Trees planted in 1996 received 35 kg ha–1 (31.2 lb/acre) of urea-N in 1998, and 15 kg
ha–1 (13.4 lb/acre) in 1999.
NS,*,**,***Nonsignificant, or significant trends at P < 0.05, 0.01, or 0.001 respectively.
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ferences diminished after 3 or 6 months
in cold storage. ‘GoldRush’ flavor im-
proves with cold storage and the variety
is often stored for several months before
marketing. Even after prolonged stor-
age, background color remained greener
for all fruit from N fertilized plots rela-
tive to the unfertilized control, but did
not differ among N treatments (data
not shown).

FRUIT SIZE AND YIELD. Leaf N
concentrations in our trees were rela-
tively high the year before the first N
treatments of this study, which may
explain the lack of N-fertilizer effects on
fruit size, yield, crop load, or yield effi-
ciency in 1998 (Table 3). In 1999, total
yield and fruit number per tree were
greater in all N treatments compared
with controls. Amount of fertilization
(HN versus LN) was not a significant
factor, but timing and method of N
application did affect yields. Higher yields
were obtained with four split HN appli-
cations (Apr+May+Jun+Jul) instead of
two (Apr+Jun); and foliar urea increased
yield compared with soil applied LN-
Apr treatments. In the HN-
Apr+May+Jun+Jul and foliar urea treat-

ments, we attributed the greater yields
to increased fruit set or decreased re-
sponse to chemical thinning treatments.
In a similar study with a small fruited
apple variety, Neilsen et al. (1999) re-
ported that yields were relatively insen-
sitive to different rates and timing of soil
N application, with no yield differences
during 4 years of single N applications
of 80 kg.ha–1 (71.4 lb/acre) compared
with split applications totaling 200
kg.ha–1 (178.4 lb/acre). Magness et al.
(1948) also found that timing of N
applications made little difference when
tree N status was already adequate. Trees
were relatively low in N status during
both years of our study (Table 1), and
responded similarly to HN and LN
fertilizer applications in April and June.
However, HN applications spread over
a 4-month period elicited a greater yield
response. This suggests that ‘GoldRush’
trees of low N status may be responsive
to N application timings that increase N
availability over an extended period. In
our study, foliar urea sprays increased
yield and crop load of ‘GoldRush’ more
than the customary late spring soil N
applications, even though relatively less

N was applied in the foliar treatments.
In a comparable study, Fisher and Cook
(1950) also found that spring foliar urea
sprays increased fruit set and yield com-
pared to similar amounts of N applied to
soil beneath trees. These observations
indicate that foliar urea sprays may in-
crease yields more efficiently than soil N
applications.

Yield efficiency (defined as har-
vested fruit per unit trunk cross-sec-
tional area) was increased by N fertiliza-
tion in 1999, and was greater with HN
treatments compared with LN treat-
ments (Table 3). Partitioning HN ap-
plications over 4 months (Apr+May+
Jun+Jul) improved yield efficiency rela-
tive to the same amount of N in two
applications (Apr+Jun). Trees receiving
foliar urea had higher yield efficiency
compared with unfertilized controls,
but not in comparison to trees receiving
LN soil applications in April.

When crop load was included as a
covariate in statistical analyses, mean
fruit weight was not significantly af-
fected by any treatment in either year,
indicating that crop load itself was a
major determinant of fruit size (Table

Table 3. Nitrogen (N) fertilization effects on yield characteristics of ‘GoldRush’ apple trees in 1998 and 1999. Values are means of
six trees for each N fertilizer treatment.

Yield Fruit wt Crop loadx Yield efficiency
N (kg/tree)z (g)y (no. fruit/tree) (g fruit/cm2 TCSA)w

treatmentv 1998 1999 1998 1999 1998 1999 1998 1999

Control (no N) 29.3 31.0 197 163 151 195 5.1 5.6
LN-Apr 31.1 36.0 207 180 150 208 5.6 6.0
LN-Apr+Jun 34.5 40.0 204 187 170 222 5.7 6.0
HN-Apr+Jun 37.0 37.6 205 173 180 218 6.5 5.8
HN-Apr+Ma+Jun+Jul 30.7 47.6 205 165 149 292 5.0 8.3
Foliar urea-May+Jun+Jul+Augu 28.3 49.9 205 171 140 304 4.3 7.1
P for analysis of variance NS <0.001 NS NS NS 0.002 NS 0.004
SE 3.4 3.9 1.6 2.8 16.8 25.2 0.25 0.32
Pairwise contrasts

Control versus all N treatments NS *** NS NS NS * NS *
Both LN versus HN treatments NS NS NS NS NS NS NS *
LN-Apr versus LN-Apr+Jun NS NS NS NS NS NS NS NS
HN-Apr+Jun versus
   HN-Apr+May+Jun+Jul NS * NS NS NS ** NS ***
LN-Apr+Jun versus HN-Apr+Jun NS NS NS NS NS NS NS NS
Foliar urea versus Control NS *** NS NS NS *** NS *
Foliar urea versus LN-Apr NS ** NS NS NS ** NS NS

z1.0 kg = 2.20 lb.
y28.35 g = 1.0 oz.
xCrop load was used as a covariate in analysis of variance.
wTCSA = trunk cross-sectional area, 1 cm2 = 0.16 inch2.
vLN = low N fertilizer rate = 45 kg.ha–1 (40.1 lb/acre) of soil-applied N fertilizer in April (Apr), or split equally in April and June (Apr+Jun) each year. HN = high N fertilizer
rate = 90 kg.ha–1 (80.2 lb/acre) of soil-applied N fertilizer all in April, split equally in April and June, or in April, May, June, and July (Apr+May+Jun+Jul) each year.
u1% foliar urea sprays applied in May, June, July and August (May+Jun+Jul+Aug) 1998 and 1999, and one 5% urea spray postharvest in 1998. Trees planted in 1994 received 60
kg·ha–1 (53.5 lb/acre) of urea-N in 1998 and 30 kg·ha–1 (26.8 lb/acre) in 1999. Trees planted in 1996 received 35 kg·ha–1 (31.2 lb/acre) of  urea-N in 1998, and 15 kg·ha–1

(13.4 lb/acre) in 1999.
NS,*,**,***Nonsignificant, or significant trends at P < 0.05, 0.01, or 0.001 respectively.
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unfertilized trees with lower crop loads.
Foliar urea sprays and HN-
Apr+May+Jun+Jul treatments increased
yield per tree by 16 and 19 kg (35.3 and
41.9 lb) respectively, with up to 100
more fruit per tree in these two treat-
ments compared to others. We con-
cluded that more aggressive chemical or
hand thinning would be necessary to
reap the potential benefits of increased
fruit size in ‘GoldRush’ trees that re-
ceive soil or foliar N fertilization.

FRUIT SIZE DISTRIBUTION. Grad-
ing fruit by discrete box-count catego-
ries revealed substantially different trends
than did comparisons of mean fruit
weight, and enabled us to estimate some
economic impacts of N treatments. In
1998, there were few differences in
fruit-size categories among N treat-
ments; all were distributed normally
across box-count categories, peaking in
the 100 fruit per box category (Fig. 1).
Unfertilized controls tended to have
more fruit in the smaller fruit size cat-
egories, and fewer in the larger size
categories, but this trend was not statis-
tically significant (P > 0.05). In 1999,
the interaction between N treatments
and box-count categories was signifi-
cant (P < 0.001) (Fig. 2), and there was
a shift into smaller fruit size categories
for all treatments, which we attributed
to a very dry growing season and lower
leaf N concentrations that year. Fruit
from unfertilized control trees in 1999
graded mostly into smaller size catego-
ries (higher counts per box), peaking at
size 138, with significantly fewer fruit in
the 100 and 72-count categories rela-
tive to N-fertilized trees. Regardless of
N application timing, fruit from LN
treatments were more normally distrib-
uted across fruit-size categories, peak-
ing at size 100; they also had a smaller
percentage of culls (fruit smaller than
the 138-count size) compared to the
control, HN-Apr+May+Jun+Jul, and
foliar urea treatments. The size distribu-
tion of fruit from HN-
Apr+May+Jun+Jul and foliar urea treat-
ments was skewed into the smaller size
categories, peaking in the 138 fruit-per-
box size in 1999. The HN-Apr+Jun
treatment produced results intermedi-
ate between the other N treatments,
with a fruit-size distribution skewed
more into smaller fruit size categories,
peaking in the100-count box size.

Compared with unfertilized trees,
N applications increased total yields
and normalized the distribution of fruit
size across the range of box-count

Fig. 1. Effect of nitrogen (N) fertilizer treatments on bushel box-count fruit-size
distribution of ‘GoldRush’ apples in 1998 (1 bushel = 35.2 L). Data were arcsine
transformed before analysis. Histogram bars represent the means of all fruit harvested
from six trees in each treatment, ±SE. LN = low N rate, HN = high N rate, Fol-
Urea= foliar urea, Control=no N applied, A=April; AJ=April+June,
AMJJ=April+May+June+July. Fruit were sorted according to box-size category as
follows: Size 64 ≥ 332 g, size 72 = 282 to 332 g, size 80 = 252 to 282 g, size 88 =
227 to 252 g, size 100 = 204 to 227g, size113= 180 to 204 g, size 125 = 161 to 180
g, size 138 = 145 to 161 g (28.4 g = 1 oz). Treatment × box-size category interaction
was nonsignificant (P > 0.05).

Fig. 2. Effect of nitrogen (N) fertilizer treatments on bushel box-count fruit-size
distribution of ‘GoldRush’ apples in 1999 (1 bushel = 35.2 L). Data were arcsine
transformed before analysis. Histogram bars represent the means of all fruit harvested
from six trees in each treatment, ±SE. LN = low N rate, HN = high N rate, Fol-
Urea= foliar urea, Control=no N applied, A=April; AJ=April+June,
AMJJ=April+May+June+July. Fruit were sorted according to box-size category as
follows: Size 64 ≥ 332 g, size 72 = 282 to 332 g, size 80 = 252 to 282 g, size 88 =
227 to 252 g, size 100 = 204 to 227g, size113= 180 to 204 g, size 125 = 161 to 180
g, size 138 = 145 to 161 g (28.4 g = 1 oz). Treatment × box-size category interaction
was significant (P < 0.001).

3). In other studies, N fertilizers have
not increased fruit size when tree crop
loads were also increased, although
heavily fertilized trees usually produced
the largest fruit (Beattie, 1958; Williams

and Billingsley, 1974). In both years of
our study, N fertilization tended to
increase both total yield and fruit num-
ber per tree, but fruit size in N-fertilized
trees remained equivalent to that of
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categories. Comparing fruit yields and
size categories among different timing
and amounts of N applications, the
differences among N fertilizer pro-
grams were usually associated with crop
load effects. Low N trees yielded 7.6 to
14 kg (16.8 to 30.9 lb) less per tree
compared to HN-Apr+May+Jun+Jul
and foliar urea treatments. This reduc-
tion in tree crop load in LN and con-
trol treatments apparently increased
the percentage of fruit in larger size
categories. In a comparable study,
Beattie (1958) reported no differences
in average fruit weight between high
and low N treatments; only when fruit
were sorted according to box-size
counts were differences among treat-
ments detected. Future studies of fruit
sizing effects should take this into con-
sideration when economic responses
to fertilizer treatments are of interest.

ECONOMIC ANALYSIS OF N FER-
TILIZATION. Nitrogen treatments had a
major impact on economic returns for
‘GoldRush’ in our study, based on
fruit size responses (Table 4). The N
treatments increased net returns by
U.S. $5,688 to $10,954 per ha ($2,302
to $4,433 per acre) compared with
unfertilized controls. This was attrib-
uted to a combination of increased
yields and a greater percentage of fruit
in larger box-count size categories.
HN-Apr+Jun did not increase net re-
turns compared to LN-Apr, or LN-
Apr+Jun treatments; but HN-
Apr+May+Jun+Jul and foliar urea ap-
plications resulted in substantially
higher crop market values compared
with other N treatments, primarily due
to greater total yields. Additionally,
split applications of LN-Apr+Jun in-

creased net returns more than a single
LN-Apr application. The LN-Apr+Jun
treatment produced fruit of similar
market value compared to HN-
Apr+May+Jun+Jul, even though total
yields were lower in the LN treatment.
The higher percentage of LN fruit in
larger fruit-size categories evidently
compensated for greater yields of
smaller fruit in HN treatments.

Fruit size was not the only factor
that influenced economic returns for
N treatments, as shown by a compari-
son of net returns in LN-Apr, HN-
Apr+May+Jun+Jul, and foliar urea
treatments. LN-Apr resulted in a higher
percentage of fruit in larger size cat-
egories, but lower net returns due to
reduced total yields. This trend illus-
trates the importance of considering
both total yields and fruit-size distri-
butions in evaluating fruit-tree re-
sponses to N fertilization. The costs of
N fertilizers and labor were not fac-
tored into our market-value estimates,
and would certainly have been reduced
in the control, LN and foliar urea
treatments relative to others, especially
the HN-Apr+May+Jun+Jul. Reducing
N fertilizer inputs could also help to
minimize the environmental problems
associated with sustained high levels of
N fertilization in agroecosystems, but
we could not quantify such externali-
ties in this study (Weinbaum et al.,
1992).

Conclusion
Nitrogen fertilization increased

yields of ‘GoldRush’ mostly in the
second year of our study, when leaf N
concentrations were relatively low.
High rates of N fertilizer partitioned

into four applications from April to
July increased yields relative to the
same total amount of N in fewer appli-
cations. Relatively small amounts of
urea-N applied in four foliar sprays
during the growing season increased
yields more than equivalent amounts
of soil-applied N fertilizers. The two
highest yielding treatments (HN in
April, May, June and July, and foliar
urea in May, June, July and Aug), both
involved N applications in the later
stages of fruit development. Although
identical fruit thinning sprays were
applied to all N treatments, the total
number of fruit set per tree was greater
in N fertilizer treatments relative to
unfertilized controls, and increased
with split applications at high rates of
N or foliar urea sprays. Average fruit
weights were similar across all treat-
ments in both years despite the greater
aggregate yields from N fertilized trees.
In other words, total yields of
‘GoldRush’ were increased by N fer-
tilization, but fruit size did not in-
crease proportionally with N fertiliza-
tion amounts, because both fruit set
and total crop load increased on N
fertilized trees.

Cosmetic and internal fruit quali-
ties such as yellow background color,
red blush, firmness, and soluble solids
were affected negatively by all N treat-
ments relative to unfertilized trees.
Estimated crop market values based
on box-size categories were depen-
dent on total yield and fruit-size distri-
bution—both of which were affected
by N treatments. Foliar urea applica-
tions produced the greatest net crop
market value, followed by HN-
Apr+May+Jun+Jul, and LN-Apr+Jun

Table 4. Estimated market value of ‘GoldRush’ apples in 1999. Monetary values based on crop yield per hectare and the relative
proportions of total yield graded into each box-size category. Price per box was based on returns for Washington State grade Extra
Fancy ‘Golden Delicious’ apples (The Packer, 2000).

N Monetary value per box size category ($/ha)y Total value
treatmentz Cullsx 138 size 125 size 113 size 100 size 88–72 size ($/ha)

Control (no N) 383 3,341 2,528 1,008 2,313 2,520 13,576
LN-Apr 193 1,937 2256 1,272 4,818 7,057 19,405
LN-Apr+Jun 151 2,293 2,609 1,560 4,851 8,065 21,824
HN-Apr+Jun 208 2,629 3,099 1,296 4,497 5,629 19,264
HN-Apr+May+Jun+Jul 507 3,795 3,642 1,812 4,786 5,209 22,417
Foliar urea-May+Jun+Jul+Augv 484 3,420 4,295 1,872 4,144 7,561 24,530
zLN = low N fertilizer rate = 45 kg.ha–1 (40.1 lb/acre) of soil-applied N fertilizer in April (Apr), or split equally in April and June (Apr+Jun) each year. HN = high N fertilizer rate
= 90 kg.ha–1 (80.2 lb/acre) of soil-applied N fertilizer all in April, split equally in April and June, or in April, May, June, and July (Apr+May+Jun+Jul) each year.
yMonetary value per packed 1-bushel (35.2 L) box: Size 138=$8.00, size 125=$11.00, size 113= $12.00, size 100=$13.00, sizes 88 to 72=$17.00. The box value for size category
138 was estimated, because no price quote was available; ;$1/ha = $0.40/acre.
xMonetary value for culls assessed at $0.11/kg ($0.0445/acre) based on juice price for ‘Golden Delicious’ apples.
v1% foliar urea sprays applied in May, June, July and August (May+Jun+Jul+Aug) of 1998 and 1999, and one 5% urea spray postharvest in 1998. Trees planted in 1994 received
60 kg.ha–1 (53.5 lb/acre) of urea-N in 1998, and 30 kg.ha–1 (26.8 lb/acre) in 1999. Trees planted in 1996 received 35 kg.ha–1 (31.2 lb/acre) of urea-N in 1998, and 15 kg.ha–1 (13.4 lb/
acre) in 1999.
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treatments. Crop values for unfertil-
ized trees were substantially lower than
all N fertilizer treatments. Consider-
ing the costs of N fertilizer and labor
for application, foliar urea and LN-
Apr+Jun were probably the most eco-
nomical N fertilization programs for
this new apple variety, but fruit grow-
ers should thin ‘GoldRush’ aggres-
sively to attain the potential benefits of
N applications for increasing yields
and fruit size.
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