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Abstract. Seasonal uptake, storage, and remobilization of nitrogen (N) are of critical
importance for plant growth. The use of N reserves for new growth in the spring is
especially important for sweet cherry (Prunus avium L.), for which new shoot and fruit
growth is concomitant and fruit development occurs during a relatively short bloom-to-
ripening period. Sweet cherries grafted on precocious, dwarfing rootstocks such as the
interspecific (P. cerasus · P. canescens) hybrids Gisela� 5 and 6 tend to produce large
crops but smaller fruit when crop load is not balanced with adequate leaf area. Study
objectives were to: 1) characterize natural N remobilization during fall and winter to
canopy reproductive and vegetative meristems; 2) determine the effect of fall foliar urea
applications on storage N levels in flowering spurs; 3) determine whether differential
storage N levels influence spur leaf formation in spring; and 4) determine whether fall
foliar urea applications affect the development of cold-hardiness. During fall, total N in
leaves decreased by up to 51% ½dry weight (DW)� and increased in canopy organs such as
flower spurs by up to 27% (DW). The N concentration in flower spurs increased further
in spring by up to 150% (DW). Fall foliar applications of urea increased storage N levels
in flowering spurs (up to 40%), shoot tips (up to 20%), and bark (up to 29%). Premature
defoliation decreased storage N in these tissues by up to 30%. Spur leaf size in the spring
was associated with storage N levels; fall foliar urea treatments increased spur leaf area
by up to 24%. Foliar urea applications increased flower spur N levels most when applied
in late summer to early fall. Such applications also affected the development of cold
acclimation in cherry shoots positively during fall; those treated with urea were up to
4.25 8C more cold-hardy than those on untreated trees.

Nitrogen is the most important element
for maintaining growth and high productivity
in tree fruits (Titus and Kang, 1982). Sweet
cherries (Prunus avium L.) on precocious, inter-
specific (P. cerasus · P. canescens) Gisela�

(Gi) rootstocks (e.g., Gi3, Gi5, Gi6, Gi12) are
likely to produce large crops but small-sized
fruit when total leaf area is not adequate to
support such crop loads (Andersen et al., 1999;
Lang, 2000; Whiting and Lang, 2004). When
root uptake of N is limited in early spring by
cold soils and low canopy transpiration rates
(Zavalloni, 2004), the restricted availability of
N for growth may contribute to unfavorable leaf
area-to-fruit ratios.

Nitrogen supply affects leaf, bud, and fruit
development. Early-season growth in trees
during spring is supported by remobilization
of stored N, so they do not depend wholly on N
supplied by current-year root uptake (Millard,
1996). Zavalloni (2004) found that sweet
cherries absorbed little soil N before bud-
break, even up to 3 to 4 weeks after budbreak;
therefore, storage N is critical for supplying
initial spring growth. Ayala and Lang (2004,
2008) have shown that spur leaves supply the
majority of the photosynthetic carbon for
cherry fruit growth, and their development
and expansion are limited to the first 3 to
4 weeks after budbreak, coinciding with the
supply of N from remobilized storage reserves.
Sweet cherry flowering occurs before full ex-
pansion of leaves; consequently, the early
stages of flowering and fruiting as well as
initial vegetative growth depend on the storage
reserves from the previous season (Keller and
Loescher, 1989; McCammant, 1988). Other
deciduous trees, like apples (Malus domestica
Borkh.), also are dependent primarily on stor-
age reserves for spur leaf formation; however,
because apple spur leaves begin expanding
before anthesis (thus establishing an evapo-
transpirational flow within the tree), N uptake
by roots begins at approximately full bloom

(Neilsen et al., 1997). Consequently, from
bloom to fruit set or early fruit development,
apple fruit draw on N sources from both
reserves and root uptake, whereas cherries
draw primarily on N reserves during this
period. The fruit development period in apple
also is longer than in cherry, meaning a greater
proportion of fruit development occurs during
active current-season carbon and N uptake.

Foliar applications of urea in fall have had
positive effects in deciduous fruit trees (e.g.,
Titus and Kang, 1982). Urea is the most
widely used form of N for foliar applications
because of its rapid absorption, low phyto-
toxicity, and high solubility (Bondada et al.,
2001; Yamada et al., 1965). Johnson et al.
(2001) showed that N for normal growth of
peach (Prunus persica Batsch.) buds, shoots,
and roots can be supplied adequately by foliar
urea applications during the growing season.
Because sweet cherries bloom early and have
a short fruit development period, a better un-
derstanding of storage N, and its manipula-
tion and remobilization, may lead to better
orchard management strategies for improving
fruit quality on high-yielding, vigor-reducing
rootstocks such as Gisela 5.

Little is know about the physiological
relationship between nutrients and perennial
plant cold tolerance mechanisms; practices
that stimulate prolonged shoot growth in late
summer such as soil-applied N can increase
tissue susceptibility to damage by low tem-
peratures in fall or winter. Some foliar-
applied nutrients can help promote cold
acclimation and stress resistance and/or
enhance repair mechanisms after damage
(Raese, 1996; Stover et al., 1999). In sweet
cherry, the effect of fall foliar urea applica-
tions on plant susceptibility to freezing in-
jury is unknown. Therefore, the objectives
of this study were to: 1) characterize natural
N remobilization from leaves to reproduc-
tive and vegetative meristems in sweet
cherry during fall and winter; 2) determine
the effect of fall foliar urea applications on
storage N levels in flowering spurs; 3) de-
termine whether differential storage N levels
in spurs influence spur leaf formation in
spring; and 4) determine whether fall foliar
urea applications affect the development of
cold-hardiness.

Materials and Methods

The following experiments were con-
ducted at Michigan State University’s
Clarksville Horticultural Experiment Station
(lat. 42.842� N, long. 85.242� W). All exper-
imental trees had been subjected to standard
cultural practices (i.e., dormant pruning,
spring soil fertilization, timely pesticide ap-
plications) in the years before imposition of
treatments.

Expt. 1. Nitrogen remobilization from
leaves during fall senescence was character-
ized in 6-year-old ‘Sandra Rose’/Gi5 and
‘Rainier’/Gi5 sweet cherry trees. There were
five single-tree replications per cultivar. In
Fall 2005, 10 shoot leaves, 10 flowering spur
leaves, and 10 flowering spurs with buds
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were sampled from each tree on 18, 24, and
28 Oct. (start of leaf color change) and on 1, 4
(start of leaf drop), and 8 Nov. The samples
were placed in zip-lock bags in a cooler for
transport from the farm to the laboratory;
immediately on arrival, they were frozen and
stored at –60 �C for later analysis of total
N (see subsequently). Leave abscission was
completed by 21 Nov.

Expt. 2. The distribution and remobili-
zation of N in selected sweet cherry canopy
tissues (shoot leaves, spur leaves, and spur
buds) was characterized from Fall 2006 to
Spring 2007. There were five single-tree
replications of 9-year-old ‘Hedelfinger’/
Gi5 sweet cherry trees. Ten flower spurs
were sampled from each tree on 26 Oct., 2
and 9 Nov., and 9 Dec. of 2006 as well as on
9 Jan., 9 Feb., 9 Mar., 9 Apr., and 28 Apr. of
2007. Samples were transported, frozen, and
stored for later analysis of total N as described
previously.

Expt. 3. The potential to manipulate N
reserves in selected overwintering canopy
tissues, and their potential effects on sub-
sequent spur leaf formation, was examined
in 8-year-old ‘Hedelfinger’/Gi5 sweet cherry
trees. Five treatments were imposed in Fall
2005: C = untreated control, T1 = complete
manual defoliation on 11 Oct. (to simulate
severe predation by Japanese beetles and/or
leaf loss to cherry leaf spot, both of which can
be common in Michigan without an adequate
pest control regimen), T2 = a single foliar
urea application (1·) delivered at 5% (10 lb/
25 gal or 4.5 kg/95 L, low biuret urea) on 7
Oct., T3 = a double application (2·) delivered
as 5% urea on 7 Oct. + 4% urea (8 lb/25 gal
or 3.6 kg/95 L) on 11 Oct., and T4 = a triple
application (3·) delivered as 5% urea on 7
Oct. + 4% urea on 11 Oct. + 3% urea (6 lb/25
gal or 2.7 kg/95 L) on 18 Oct. Foliar urea was
applied during midafternoon by a handgun to
the point of drip at a rate comparable to 250
gal/acre (2340 L�ha–1), with untreated guard
trees between treatment trees and care taken to
avoid drift. There were eight single-tree repli-
cations for each treatment except T1 (defoli-
ation), for which there were four single-tree
replications.

Samples from each tree included one bark
disk (2 cm in diameter) from the trunk about
midcanopy height, 10 apices (2 cm long) from
medium vigor shoots, and 10 flowering spurs
collected on 21 Nov. 2005 (post-leaf drop) and
31 Mar. 2006 (early bud swell). Samples were
transported, frozen, and stored as described
previously for later analysis of total N. From
each treatment, all leaves from 10 random
fruiting spurs per tree were collected the sub-
sequent spring on 9 June 2006. The number of
leaves per spur, the length (centimeters) of the
largest spur leaf, and the total leaf area (square
centimeters) per spur (measured with a LI-300
Area Meter; LI-COR, Lincoln, NE) were re-
corded. A total of 100 fruit per tree were
sampled randomly on 3 July 2006 to determine
average fruit weights.

Expt. 4. To determine whether fall foliar
urea applications affect the progression of
cold acclimation, 30 ‘Ulster’/Gisela 6 (Gi6)

sweet cherry trees (9 years old) were selected
for uniformity and were assigned treatments
randomly with guard trees between treat-
ments. There were six single-tree replications
of five treatments: controls (no treatment) plus
foliar applications of 3.5% urea (7 lbs in 25 gal
or 3.2 kg in 102 L of water) at four treatment
regime timings from late summer through fall
(Table 1). A handgun was used to apply urea
during midafternoon to the point of drip with
care taken to avoid drift. During fall, 10
flowering spurs from 2-year-old shoots were
harvested periodically from each tree, trans-
ported, frozen, and stored for later analysis of
total N as described previously. Control sam-
ples were harvested on 31 Aug., 12 and 28
Sept., 12 Oct., and 12 Dec.; urea treatment
samples were harvested just before the second
application for each treatment (T1 on 8 Sept.,
T2 on 21 Sept., T3 on 6 Oct., and T4 on 20
Oct.) as well as on 12 Dec. (fully dormant,
after leaf drop).

For each treatment, shoots were sampled
for cold-hardiness evaluation at 1 and 3 weeks
after the second urea application as well as
after leaf drop in late fall. On each sampling
date (Table 1), 24 current-year shoots were
collected, 12 for the control and 12 for the urea
treatment to be compared. Four 50-cm shoots
of the current year’s growth were sampled per
treatment, two each from the west and east
sides of each tree. As a result of alternate-row
insecticide spraying, the west sides (–JB) of
trees had good control of Japanese Beetle
(Popillia japonica), whereas the east sides
(+JB) had poor coverage and increased foliar
damage as a result of beetle feeding; thus,
these were kept separate for initial analysis
and potential identification of any confound-
ing effects. Harvested shoots were placed in
plastic bags and kept in the covered bed of
a pick-up truck for transportation between the
experiment station and the campus laboratory.
They were stored overnight in a 4 �C cold
room until preparation for controlled freezing
tests the next day (see subsequently). Air
temperatures at the research site during the
sampling period were acquired from the MSU
Enviro-weather climatic station (<http://www.
agweather.geo.msu.edu/mawn/>) located sev-
eral hundred meters southwest of the research
orchard.

Total nitrogen analysis. All samples were
removed from the freezer and dried for at least
3 d in a drying oven (Blue M; Blue Electrical,
Blue Island, IL) at 60 �C. The dried samples
were ground with a Wiley mill (40-mm mesh
size) and stored in plastic-lidded boxes with
a desiccant (anhydrous calcium sulfate) until

further preparation for Kjeldahl analysis
(Bradstreet, 1965).

For each sample, 0.15 g of finely ground
material was placed into a digestion tube, after
which 7 mL of concentrated sulfuric acid was
added. After gently swirling to mix, one diges-
tion tablet (Kjeltab) was added to each tube.
The tubes were placed into a preheated (375 �C)
aluminum heating block for digestion for 2 h
after clearing (disappearance) of carbon. The
tubes were then removed from the heating block
and allowed to cool for �10 min. Deionized
(DI) water (10 to 20 mL) was added to the diges-
tion tubes while still warm. A vortex mixer was
used to dissolve any crystals present. Each tube
was diluted to the 50-mL mark with DI water
and mixed and then the contents were stored in
small bottles (23 mL) in a refrigerator at 4 �C.

Colorimetric determination of ammonium
content was made at 660 nm using a Quick-
Chem 8500 (Lachat Instruments, Rapid City,
SD). All samples and reagents were brought
to room temperature, and the samples were
poured into 5-mL plastic sampler cups, rins-
ing each cup with a small amount of sample
digest before filling. DI water was pumped
through all the manifold tubing (lines) for 5 to
10 min before replacement with reagent lines.
The stock reagents used were NaOH (130 g in
2 L of DI water), KNaC4H4O6�4H2O (100 g in
2 L of DI water), buffer (0.5 M NaH2PO4),
H2SO4 (7 mL), C7H5NaO3 (300 g in 2 L of DI
water), Na2½Fe(CN)5NO� (0.6 g in 2 L of DI
water), NaOCl (250 mL), and sampler wash
solution. The reagent lines were placed in their
respective reagent bottles with the exception of
the sodium salicylate line; when the reagents
had been pumping for at least 5 min, the salic-
ylate line was placed in its reagent bottle and
the system was allowed to equilibrate for 10
min before beginning sample analysis (AOAC
Official Methods of Analysis, 1990; Bowman
et al., 1988; Bradstreet, 1965; Cope, 1916). The
total N data was expressed on a DW basis
rather than absolute N content per organ.

Cold-hardiness analysis. The shoot sam-
ples were prepared according to the procedure
described by Howell and Weiser (1970) and
McKenzie and Weiser (1975). Shoots were cut
into three sections (apical, middle, and basal).
The apical and basal sections also were cut
into two pieces. One piece per treatment was
positioned vertically on masking tape (sticky
side up) at 4-cm intervals. A total of four shoot
pieces per replication were positioned on the
masking tape, two representing +JB and two
representing –JB. Another length of tape on
top secured the twigs. Four replications were
prepared for each target temperature and

Table 1. Treatment and sampling dates of foliar urea treatments applied to ‘Ulster’/Gi6 sweet cherry trees
during Fall 2007.

Treatments Treatment dates
Cold–hardiness sample dates
(current-season shoot growth)

Tissue nitrogen sample
dates (flower spurs)

C (control) No urea 12 and 25 Sept.; 2, 9,17, 24,
and 30 Oct.; 13 Nov.; 12 Dec.

30 Aug., 12 and 28 Sept.;
12 Oct.; and 12 Dec.

T1 31 Aug. + 8 Sept. 12 Sept., 2 Oct., and 12 Dec. 8 Sept. and 12 Dec.
T2 14 Sept. + 21 Sept. 25 Sept., 17 Oct., and 12 Dec. 21 Sept. and 12 Dec.
T3 28 Sept. + 6 Oct. 9 and 30 Oct., and 12 Dec. 6 Oct. and 12 Dec.
T4 12 Oct. + 20 Oct. 24 Oct., 13 Nov., and 12 Dec. 20 Oct. and 12 Dec.
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a control. Each strip was then centered on top
of moistened gauze over aluminum foil strips
with the basal end of each shoot piece at the
lengthwise fold. A copper–constantan thermo-
couple was inserted into the apical-end pith of
a central twig from each strip and secured by
tape to the foil. The lower half of the foil was
folded up to pocket the strips inside. The
whole unit was then rolled into a loose bundle
for the controlled freezes.

The freezer temperature was allowed to
equilibrate at 0 �C for 1 h followed by an in-
cremental temperature drop of 4.0 �C�h–1 for
the samples before 12 Dec. and 2.0 �C�h–1 for
the samples from 12 Dec. For the shoots
sampled before 12 Dec., the stepwise freezer
temperatures were –3, –7, –11, and –15 �C; for
the last sampling on 12 Dec., the temperatures
were –11, –13, –15, –17, –19, and –21 �C.
When each target temperature was reached,
four bundles (replications) were removed from
the freezer and placed in a 4 �C storage room to
slowly thaw overnight. The next day, bundles
were removed from the 4 �C storage room,
unrolled, and placed in a 25 �C (room temper-
ature) humidity chamber. Damage was deter-
mined 4 to 7 d later by slicing the wood with
a razor blade and rating the phloem/cambium/
xylem tissue for visual browning. Shoot pieces
with less than 50% browning were considered
to be alive and those with more than 50%
browning were considered to be dead. The
temperature that caused 50% death (LT50) was
calculated by the Spearman-Karber formula
(Bittenbender and Howell, 1974):

LT50 = TL� 1/2d + ½dð
X

iÞ=n�

where TL = lethal temperature or temperature
below which no twigs are alive, d = temper-
ature exposure intervals, Si = number of dead
samples, and n = number of replications.

Statistical analysis. The data were ana-
lyzed using SAS software (SAS Institute Inc.,
Cary, NC). Analysis of variance was conducted
with proc analysis of variance and mean sep-
arations by LSMEANS. For the urea and defo-
liation treatments, each treatment was paired
with the control for statistical significance of
total N content and effect on spring leaf and
fruit development.

Results

Expt. 1. During fall, total N levels in shoot
and spur leaves of both ‘Sandra Rose’ (Fig.
1A) and ‘Rainier’ (Fig. 1B) sweet cherries
decreased significantly, most dramatically
from the end of October onward. There was a
concomitant increase in total N content in
flower spurs from the beginning of October
to the beginning of November (leaf drop). In
‘Sandra Rose’, the overall decrease in shoot
and spur leaf N concentration during the sam-
pling period was 39% and 49%, respectively;
the increase in flower spur bud N content was
27%. In ‘Rainier’, the overall decrease in shoot
and spur leaf N content was 36% and 51%, re-
spectively. ‘Rainier’ flower spur bud N content
increased from mid-October through early

November, although the overall change from
early October was not significant. Total N
content decreased the most in spur leaves for
both cultivars.

Expt. 2. Flower spur total N concentration
did not change between leaf drop and bud
swell (i.e., during the winter period) (Fig. 2).
As bud swell and development began in late

Fig. 1. Changes in total nitrogen content (dry weight basis) in ‘Sandra Rose’/Gi5 (A) and ‘Rainier’/Gi5 (B)
sweet cherry shoot leaves, spur leaves, and flower spurs during Fall 2006. Data are means of five
replications. Error bars are SEs from the mean.

Fig. 2. Flowering spur nitrogen levels in ‘Hedelfinger’/Gi5 sweet cherries from Fall 2006 to Spring 2007.
Data presented are the averages of five replications. Error bars are SEs from the mean. Assignment of
the same letter indicates values that are not significantly different.
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March and April, N content increased dramat-
ically (up to 150%) compared with N content
during the winter.

Expt. 3. Total N levels tended to increase
across all treatments and sampled tissues
between late November (after leaf drop) and
the end of March (beginning of bud swell)
(Table 2). Total N levels were higher in flower
spurs and shoot tips than in bark disks. When
trees were defoliated prematurely (T1), the
total N stored in the spur and shoot tissues in
the fall was lower than in the controls, and
these levels had not changed at the bud swell
sampling in March, resulting in significantly
lower values (30% for spurs, 25% for shoot
apices, and 21% for bark disks) than in the
controls.

Fall applications of urea had no effect
on total N levels in bark disks at either the
November or the March sampling. The 1·
(T2) and 2· (T3) urea applications did not
significantly affect total N levels in shoot
apices at either sampling time. Both of these
treatments increased the total N values in the
spurs in November, but only the value for the
1· application was significant, and neither
was significantly different from the control
by spring. However, the 3· (T4) application
significantly increased total N values for spurs
both in November (by 40%) as well as in
March (by 25%). Shoot tip N content also was
increased (by 20%) in November, although
this did not persist through March. Growth
measurements during the subsequent spring
found little difference between the treatments
for leaf number per spur, although the 2· and
3· (T3 and T4) urea treatments were slightly
but significantly higher compared with the
control (Table 3). However, the leaf area per
spur and size of the largest leaf per spur was
influenced to a greater extent by treatment.
Although the defoliation treatment did not
differ from the control, the greatest leaf area
per spur (24% greater than the control) and
the largest leaves (13% to 15% larger than the
control) occurred in T3 and T4, the highest
rates of urea application. Fruit set and fruit
size variability were high among trees in the
orchard, resulting in no statistically signifi-
cant differences between treatments.

Expt. 4. Although Japanese beetle damage
was consistently greater on the east side of the
tree canopies than the west, and plant tissues
from each side subsequently were analyzed
separately, no significant differences in total N
levels nor in cold acclimation were found by
canopy location within treatments (data not
shown, see Ouzounis, 2008). The total N
content in the untreated flower spurs increased
from 0.6% at the end of August to 1.7% during
early dormancy (12 Dec) (Fig. 3, solid line).
The application of urea on 31 Aug. resulted
in a spur total N content of 1.30% on 8 Sept.,
significantly higher than the control total N
content of 0.65% on 12 Sept. When this early
treatment was followed by a second applica-
tion on 8 Sept., the dormant spur total N con-
tent during early winter (12 Dec.) remained
significantly higher than the control (2.2%
versus 1.7%; Table 4). A similar significant
trend was found for the mid-September double

urea treatment: the application on 12 Sept.
resulted in a spur total N content of 1.23% on
21 Sept., significantly higher than the control
total N content of 0.95% on 28 Sept. When
this mid-September treatment was followed
by a second treatment 1 week later, the dor-
mant spur total N content during early winter
(12 Dec.) remained significantly higher (at
2.1%) than the control. The later double
applications (T3 and T4) had initial, but lesser,
positive effects on spur total N content, but

these differences did not persist through to
early winter (Fig. 3; Table 4).

Cold acclimation, as estimated by LT50

values, of untreated ‘Ulster’ sweet cherry
shoots increased from a moderately hardy
condition (LT50 = –9 �C) in early September
to approximately a 7 �C more hardy condition
(–16 �C) by early December (Fig. 4, solid
lines). The early stages of cold acclimation
were actually lost in early October, during a
period of unusually warm temperatures when

Table 2. Fall (2005) foliar urea and defoliation treatment effects on tissue total nitrogen (N) levels after leaf
drop (dormant, 21 Nov. 2005) and before budbreak (bud swell, 31 Mar. 2006) in ‘Hedelfinger’/Gi5
sweet cherries.z

Treatment

Tissue

Flower spurs Shoot tips Bark

Percent N

Percent
change
from C Percent N

Percent
change
from C Percent N

Percent
change
from C

21 Nov. 2005 C 1.61 — 1.62 — 0.97 —
T1 1.15* (–29%) 1.29* (–20%) 0.74 NS (–24%)
T2 2.19* (+36%) 1.73 NS (+7%) 1.07 NS (+10%)
T3 2.06 NS (+28%) 1.93 NS (+19%) 1.03 NS (+6%)
T4 2.25* (+40%) 1.95* (+20%) 1.10 NS (+13%)

31 Mar. 2006 C 2.19 — 2.20 — 1.17 —
T1 1.52* (–30%) 1.64* (–25%) 0.92* (–21%)
T2 2.28 NS (+4%) 2.05 NS (–7%) 1.31 NS (+12%)
T3 2.10 NS (–4%) 2.05 NS (–7%) 1.23 NS (+5%)
T4 2.74* (+25%) 2.08 NS (–5%) 1.51 NS (+29%)

zC = control, T1 = defoliated on 11 Oct,; T2 = 5% urea on 7 Oct.; T3 = 5% urea on 7 Oct. + 4% urea on 11
Oct.; T4 = 5% urea on 7 Oct. + 4% urea on 11 Oct. + 3% urea on 18 Oct.
Treatment values are significantly (*) or not significantly (NS) different from the control at a = 0.05; ± %
represents difference from C.

Fig. 3. Natural remobilization of nitrogen (solid line) into ‘Ulster’/Gi6 sweet cherry flower spurs during
Fall 2007 and effect of foliar urea (3.5%) applications (squares) on 31 Aug. (T1, sampled on 8 Sept.),
on 14 Sep (T2, sampled on 21 Sept.), on 28 Sep (T3, sampled on 6 Oct.), and on 12 Oct. (T4, sampled
on 20 Oct.). Each treatment was sampled just before the planned second application (for the subsequent
cold acclimation analyses). Error bars are SEs from the mean.

Table 3. Fall foliar urea and defoliation treatment effects on subsequent season leaf (9 June 2006) and fruit
(3 July 2006) parameters in ‘Hedelfinger’/Gi5 sweet cherries.z

Treatments
Leaves/spur

(no.)
Leaf area/spur

(cm2)
Area of largest

leaf (cm2)
Fruit

size (g)

C (control) 6.3 147 39 9.3
T1 (defoliated) 6.3 NS 153 NS 39 NS 8.2 NS
T2 (5% urea) 6.5 NS 165* 42 NS 9.0 NS
T3 (5% + 4% urea) 6.7* 183* 44* 8.7 NS
T4 (5% + 4% + 3% urea) 6.6* 183* 45* 8.9 NS
zC = control; T1 = defoliated on 11 Oct.; T2 = 5% urea on 7 Oct.; T3 = 5% urea on 7 Oct. + 4% urea on 11
Oct.; T4 = 5% urea on 7 Oct. + 4% urea on 11 Oct. + 3% urea on 18 Oct.
Treatment values are significantly (*) or not significantly (NS) different from the control at a = 0.05.
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daily highs were near or exceeded 30 �C (Fig.
5); it took 3 to 4 weeks to return to a stage of
cold-hardiness similar to that of mid-Septem-
ber. The hardiness of the apical and basal parts
of the current year’s shoot growth was com-
pared to determine whether sampling posi-
tion influenced cold acclimation values. For
three of the five treatments (T1, T3, and T4),
there were no significant differences (a = 0.05)

in the level of cold-hardiness resulting from
position (data not shown; see Ouzounis, 2008).
For the controls, and for T2, the basal shoot
segments were significantly more hardy, by
�2 �C, than the apical segment. The data re-
ported in Figures 4 and 5 are for the combined
data sets.

Each foliar urea treatment was compared
with the untreated control at�1 week and 3.5
weeks after the second application for each
treatment series (Fig. 4). At every treatment
comparison date except the first comparison
for T2, the urea-treated shoots were signifi-
cantly more cold-hardy with LT50 values rang-
ing from 1.0 to 4.25 �C lower. The first T2
sampling occurred during the period of warmer
temperatures in which highs were near or ex-
ceeded 30 �C (Fig. 5), and the difference
between the control and the treatment was
only �1 �C. The greatest early cold acclima-
tion occurred with the earliest urea applications
(T1), and although the control shoots lost har-
diness during the warm period in early
October, the T1 shoots remained essentially
unchanged (being 3 �C more hardy on 12

Sept. and 5 �C more hardy on 2 Oct.). By
early December, trees had defoliated com-
pletely and were endodormant. On 12 Dec.,
the LT50 values for all of the urea treatments
were significantly lower (�4 �C) than the
untreated controls (Fig. 4). By this time, there
were no significant differences between the
urea treatments.

Discussion

Nitrogen remobilization. Total N in leaves
of ‘Sandra Rose’ and ‘Rainier’ sweet cherry
trees on Gi5 dwarfing rootstocks decreased
during senescence, whereas N in flower spurs
increased. This translocation of N from leaves
to storage tissues before leaf abscission is an
important source of N for spring growth, just
as if a N fertilizer were applied directly to
flower spurs (as well as other tissues to which
N may be remobilized from storage). This
natural N enrichment of flower spurs in the fall
suggested that orchard fertilization strategies
to preferentially increase leaf N before or dur-
ing senescence may increase storage N levels
in key tissues for early spring growth without
stimulating new episodic canopy growth ac-
tivity in the fall. Indeed, no stimulation of new
growth was observed from any of the various
foliar urea applications and timings in the
experiments reported here.

Although our initial experiments demon-
strated an increase in flower spur N concentra-
tion between leaf drop and just before bloom,
the question of whether N was actively remo-
bilized throughout the winter period or just
before budbreak was not addressed. Conse-
quently, we sampled flower spurs from ‘Hedel-
finger’/Gi5 sweet cherry trees on a monthly
basis during winter and found that, in the cold
winters of the Great Lakes region, negligi-
ble remobilization to the spurs occurred from
December to the end of March. Soon thereafter,
the N concentration increased tremendously
(150%) in April during bud swell and bud-
break. This also indicated that N is required in
very high amounts during the early stages of
spring growth in sweet cherries (Fig. 2) and that
N remobilized from other storage sites within
the tree is in high demand by reproductive
meristems like flower spurs for both spur leaf
development and bloom.

Some researchers have stated that foliar
urea applications to stone fruits are ineffec-
tive (Peryea and Willemsen, 2000), although
others (Johnson et al., 2001) clearly showed
that foliar applications to peach trees during
fall can increase the amount of N in storage
tissues. The magnitude of N increase from
foliar urea is likely to be influenced by the N
status of the plant before application, as has
been shown in apple (Cheng et al., 2002). In
our study, fall foliar urea applications in-
creased total N levels during early endodor-
mancy by up to 40% in flower buds, 20% in
the shoot tips, and 13% in the bark (Table 2).
This indicates that flower buds and shoot tips
are relatively strong sinks for remobilized
N taken up from foliar urea sprays in sweet
cherries. Bark tissue showed a big increase
in total N content between fall and spring for

Fig. 5. Changes in air temperature and LT50 values for paired control and urea-treated shoot samples of
‘Ulster’/Gi6 sweet cherry during cold acclimation in Fall 2007. Error bars are SEs from the original
mean data. T1 was sampled on 12 Sept. and 2 Oct., T2 on 25 Sept. and 17 Oct., T3 on 9 and 30 Oct., and
T4 on 24 Oct. and 13 Nov.

Fig. 4. Effect of fall foliar urea applications on LT50 values for ‘Ulster’/Gi6 sweet cherry shoots during
cold acclimation in fall and early Winter 2007. Foliar urea (3.5%) was applied on 31 Aug. and 8 Sept.
(T1), on 14 and 21 Sept. (T2), on 28 Sept. and 6 Oct. (T3), and on 12 and 20 Oct. (T4); C represents the
untreated control. Error bars are SEs from the mean. The same letter following paired values ½control
and treatment(s)� for each sampling time indicates that they are not significantly different.

Table 4. Total nitrogen (N) levels in dormant
‘Ulster’ sweet cherry flower spurs after leaf
drop (12 Dec. 2007) after fall applications of
urea (3.5%) on 31 Aug. and 8 Sept. (T1), on 14
Sept. and 21 Sept. (T2), on 28 Sept. and 6 Oct.
(T3), and on 12 Oct. and 20 Oct. (T4).

Treatments Total N (%)

Control 1.7 az

T1 2.2 b
T2 2.1 b
T3 1.7 a
T4 1.6 a
zAssignment of the same letter indicates values that
are not significantly different.
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all treatments. Total N concentration in the
shoot tips also increased between fall and
spring, although the smallest impact occurred
with the higher rates of urea. Our results are
in agreement with those of Guak et al. (2005)
who applied foliar urea to sweet cherries in
early fall. They measured N concentration on
5 Oct. after the applications (0%, 2%, 4%,
and 6%) on 25 Sept. and 2 Oct. They found that
the 6% treatment most effectively increased
the N concentration in flower buds (by 24%).
The 4% treatment was also effective, increas-
ing the N concentration in flower buds by 12%,
whereas the 2% treatment increased N con-
centration by 9%. In the ‘Hedelfinger’/Gi5
study, flower spur N concentration increased
between fall and early spring but rather var-
iably across treatments. The treatment with the
lowest N values, the defoliated trees, increased
similarly, but the levels were still much lower
than for any of the other treatments, indicating
a long-lasting negative effect of defoliation
that persisted at least until bud swell. The urea
concentrations used in this study (3% to 5%)
caused slight marginal leaf browning, presum-
ably as a result of pooling of spray at the leaf
margin where it became more concentrated
during drying.

The defoliation and urea experiment found
that total N storage levels in flower spurs in the
fall affected sweet cherry spur leaf develop-
ment in the spring (Table 3). Lower N levels
can lead to smaller spur leaves, which are
critical suppliers of photosynthetic carbon
during fruit development (Ayala and Lang,
2008), and thus may be a negative factor in
orchard management attempts to achieve bal-
anced leaf-area-to-fruit ratios suitable for pro-
moting good fruit size. Trees with the highest
N levels developed larger spur leaves in the
spring and leaf area per spur increased with
foliar urea application. The number of leaves
per spur was affected only slightly. Fruit size
was smallest on the defoliated trees, but crop
loads were too variable to obtain any statisti-
cally significant fruit size data across the urea
treatment trees. It is logical that the earliest
growth events of the spring such as spur leaf
expansion might be directly affected by stor-
age N levels, but later growth events such as
final fruit size or total shoot length might be
influenced by any number of other factors
(fruit set, pruning, periodic environmental
stresses, pest outbreaks, etc.) in their de-
velopmental cascade such that that straight-
forward relationships to storage N levels may
be masked.

Dong et al. (2002) found that N from urea
was converted to amino acids in leaves after
foliar application in the fall to apple trees
(Malus domestica Borkh.) with roots and bark
being the main sinks for N. They noted that
only 35% of the N applied as urea was absorbed
by leaves and 63.6% of absorbed N was trans-
located out of leaves. Tagliavini et al. (1997)
found that pear (Pyrus communis L.) leaves
absorbed 58% to 69% of the N applied as urea
and concluded that more N derived from root
uptake was used for remobilization in the
spring than from foliar N. Rosecrance et al.
(1998a, 1998b) found that 48% to 58% of

foliar-applied urea was recovered in peach
leaves and perennial organs, similar to the
results of Tagliavini et al. (1997). When
applied in September and October, most of
the urea N (38%) was recovered in roots and
when applied on November (before leaf se-
nescence in California), 45% remained in the
current-year wood. In our studies, we applied
urea mainly in mid-October, just before leaf
senescence in Michigan, because export and
translocation of the foliar-applied urea N
likely would have been reduced at the final
stages of leaf senescence in early November.

These results do not imply that foliar
applications of urea may provide adequate N
for all phases of sweet cherry growth. When
Johnson et al. (2001) applied only foliar urea
to peach and no soil N across a full season,
they found a significant reduction in weight
per fruit and a tendency toward reduced tree
yields compared with the soil applications.
However, a combination of foliar urea in
October and soil fertilization in summer
maintained productivity and fruit weight
compared with treatments with N applied
only through the soil. Embleton et al.
(1986) also suggested that the best practice
in citrus (Citrus limon) may be a combination
of foliar and soil applications of N. From an
environmental perspective, Dong et al.
(2004) reported that multiple foliar N appli-
cations can reduce the risk of nitrate leaching
in apple orchards without reducing yield or
fruit quality. Foliar fertilization can improve
N use efficiency relative to soil-applied N and
therefore can lead to reduced leaching of
nitrates in the groundwater (Embleton et al.,
1986). In sweet cherries, the potential to
enhance storage N levels in key tissues like
flower spurs, without stimulating late-season,
succulent vegetative growth, may be a valu-
able use of such a foliar fertilization strategy.
Like with most aspects of N fertilization, the
impacts of supplemental foliar applications
may be inversely proportional to the pre-
application N status of the plant with greater
effects on trees of lower N status and dimin-
ishing effects on trees of higher N status.

Cold acclimation. Andrews and Proebsting
(1987) found a significant correlation in fall
and winter between the previous night’s
minimum air temperature and LT50 values for
sweet cherry flower buds. The shoot acclima-
tion trends in our experiment likewise were in-
fluenced by periods of warm temperatures that
interrupted, and briefly reversed, acclimation.
The urea treatments generally had a positive
effect on cold acclimation, suggesting that per-
haps higher storage N levels or amino acid
forms important for remobilization facilitate
more rapid acclimation at moderate tempera-
tures. The foliar urea treatments during early
September not only did not stimulate any late-
season growth but were associated with the
most rapid and long-lasting enhancement of
cold-hardiness. This enhancement appeared
to be less sensitive to the warm temperature
events that coincided with the reversal of
hardiness in the control trees, although new
experiments with more extensive sampling
would be needed to truly draw this conclusion.

Although our earlier (T1 and T2, September
timing) urea treatments had the greatest
enhancement of cold acclimation, the later
treatments T3 (applied on 28 Sept. and 6 Oct.)
and T4 (applied on 12 and 20 Oct.) only had
a 1 to 2 �C lower LT50 than the controls in
midfall. Guak et al. (2005) found no effect on
cold-hardiness from repeat treatments in mid-
fall (on 25 Sept. and 2 Oct.). We used 3.5%
urea and 9-year-old ‘Ulster’ sweet cherries on
Gi6 rootstock, whereas Guak et al. used 2%,
4%, or 6% urea and 4-year-old ‘Lapins’ trees
on seedling Mazzard rootstock. Although the
midfall differences in cold-hardiness were rel-
atively slight for our October treatments rel-
ative to the controls, by full endodormancy, all
four urea treatments had LT50 values that were
significantly lower (and equally more cold-
hardy) than the untreated control. Different
climatic events for induction of cold acclima-
tion, tree ages, varieties, rootstocks, locations,
pre-application N status, and/or amount of
urea may be responsible for the different
reported impacts on cold-hardiness.

At this point of investigation, the potential
mechanism for the effect of fall foliar N on
cold-hardiness is not known; it may be spec-
ulated that this process involves a physiologi-
cal interaction between suitable temperatures
for induction of cold acclimation genes and
specific amino forms of N synthesized in the
leaves on uptake or as translocated to the
localized sites of cold acclimation gene activ-
ity, but this or other appropriate hypotheses
remain to be elucidated experimentally. Dong
et al. (2005) showed that, in young apple trees,
N taken up from soil applications in Septem-
ber remained primarily in the roots rather than
being translocated to canopy tissues. Conse-
quently, with respect to our results, it might be
hypothesized that foliar urea applications in
September advance both 1) the increase in
canopy tissue N reserve levels as well as 2)
concomitant processes like cold acclimation,
which otherwise primarily occur later in fall
on remobilization of N from leaves during
senescence. Whether our reported effects on
shoot cold-hardiness also extend to flower
buds remains to be determined, although this
hypothesis would predict similar effects be-
cause spur N levels increased rapidly in re-
sponse to foliar urea.

Conclusions

Nitrogen remobilization from senescing
leaves to storage tissues such as the flowering
spurs is an important source of N for early
spring growth in sweet cherry. Premature
defoliation can negatively impact these re-
serves, whereas foliar applications of urea
applied in the fall can increase storage N levels.
The impact of these variations in fall N cycling
is greater on flowering spurs compared with
shoot apices or bark storage sites. Fall foliar
urea applications increased sweet cherry spur
leaf size and total leaf area per spur in spring,
a positive management tool for increasing the
leaf-to-fruit ratio in cherries grown on dwarfing
and/or precocious rootstocks like Gi5 and Gi6,
which are more prone to cropping heavily and
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having reduced N storage tissues than vigorous
trees on seedling rootstocks like Mazzard or
Prunus mahaleb.

Two foliar applications of urea in early
September, �1 week apart, were more effec-
tive at increasing total N in flowering spurs
than applications in early to mid-October.
Somewhat surprisingly, these applications also
positively affected sweet cherry cold acclima-
tion in fall. Shoots treated with urea were up to
4.25 �C more cold-hardy than untreated shoots
both during early fall (October) and during
early endodormancy (December). Periods of
warm temperatures during fall reversed shoot
cold acclimation in untreated trees, but to a
lesser extent, if at all, in trees treated with
urea. This impact of N reserve levels on cold-
hardiness of sweet cherries also should be
examined during winter and spring to deter-
mine whether they might enhance resistance
to incidents like extremely low temperatures
during the midwinter and/or during early
spring frosts. Further study of the physiology
of N remobilization/metabolism and its poten-
tial relationship to cold acclimation in peren-
nial fruit trees is warranted.
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