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Summary
The phenology and general hardiness of fruit cul-

tivars and phenospecies were studied at 10 climatic
sites in the Western Region and one in Minnesota
during five years. Survival of several Pyrus species was
related both to inherent hardiness and to the degree of
chiorosis sustained in soils with high pH. P. pashia and
P. fauriei were most susceptible to chiorosis and P.
amygdaliformis and P. e!aeagrifolia were the most
tolerant of high pH soils. P. ussuriensis, P. fauriei and
P. communis were hardiest, while P. pashia and P.
amygdaliformis were least hardy.

The bloom periods of most species were most pro-
tracted in marine climates and in lower latitudes,
relative to continental sites. In the former case such
protraction was due to cool spring temperatures, and
in the latter it probably was due to suboptimal winter
chilling.

The implications of the data in fruit growing and
in the continuing search for better predictive phe-
nologic models are discussed.

Introduction
As part of regional project W-86 (now W-130) on

dormancy and winter hardiness of deciduous fruit
trees, characteristics were charted for the climates of
specific sites in cooperating states by establishing
phenological plots at ten sites in the Western Region
and one in Minnesota. The objective was to gain a bet-
ter understanding of the interrelationships between cli-
mate, soil, and plant development during the different
seasons, and ultimately to develop models for predict-
ing phenological responses for given species and cli-
mates. An understanding of seasonal synchrony
between plant and climate is recognized as a key
requisite to temperate fruit production.

This work describes various predictive models some
of which were developed by W-130 cooperators, but
none of which seem to characterize all situations. Data
presented are not complete enough to develop a re-
vised model now, but it is hoped that this can be done
during the next phase of work in project W-130.

Literature Review
The complexity of the relationship between climate

and plant development is compounded by the fact that
both factors are made up of many distinct components
and both are dynamic, i.e. continuously changing. Any
model describing such a plant-climate relationship must
include genetic characteristics of the plant, sequential
plant processes, sequential changes in climate, and
transitions between sequential processes. Also, such
a model depends on the types of standard climatic data
used and how they relate to the environment of the
plant or plant part. Phenology models can be very sim-
pie or very complex. Some, like flower initiation, can be
triggered by only one aspect of the climate, daylength;
while others, shoot growth for instance, depend on
many aspects of the environment for total development
and thus require complex models. Generally, a model
should be as simple as possible as long as it shows

the pertinent relationships between the phenomenon
and the climate.

GENETIC FACTORS
Plant evolution is essentially the selective accumu-

lation of genes that adapt a species or ecotype to a
given climate. Because a complete species model
would be cumbersome, models are best used on de-
fined genotypes. For this reason, it is important to know
such genetic adaptations of the plant being studied.
Some of these involve adaptations to:

Latitude (day length)
Temperature (both diurnal and seasonal)
Radiation and light (quality, intensity)
Moisture (amount and time of year)

Examples of the importance of genetic factors were
reported by Weiser (31) for processes relating to cold
acclimation of Cornus stolonif era Michx. Northern high-
latitude ecotypes ceased growth and became dormant
and entered the first stage of acclimation under the
shortening days of late summer, while ecotypes from
low latitudes or from mild marine climates did not
cease growth nor enter first stage acclimation under
similar short day conditions. Because of the mild win-
ters, the latter ecotype (Seattle clone) evolved under
little or no selective pressure to stop growth early and
become physiologically prepared for a cold winter, al-
though such ecotypes are capable of developing sec-
ond stage hardiness to temperatures as low as were
the high-latitude ecotypes. This is a striking example
of how the genetics of native species is influenced
through natural selection to keep the plant physiologi-
cally suited to the dynamic climate in which it lives.

Another example of genetic adaptation as it relates
to rest and winter chilling of seed of widely dispersed
Pyrus species was reported by Westwood and Bjorn-
stad (33). Not only did low-latitude species have shorter
chilling requirements to break rest, but they also had
higher optimum temperatures for chilling than did spe-
cies from middle latitudes. Thus seeds of the subtrop-
ical Pyrus pashia D. Don. required only 380 hours chill-
ing at an optimum temperature of 10°C, while the mid-
temperate P. communis L. required 2060 hours chilling
at an optimum of 5°C. A special adaptation was found
with the subarctic species P. ussuriensis Max., indige-
nous to areas where the tempeatures average below
freezing for five winter months. Because temperatures
much below 0°C are ineffective in breaking winter rest,
P. ussuriensis apparently is chilled in early spring
rather than in winter, and has an optimum chilling tem-
perature of 7°C, somewhat higher than middle latitude
species. The genetic basis for differences in chilling
requirements was shown to be multigenic and inheri-
tance was quantitative. Seed from crosses of long chill
x long chill species showed only 5 percent germination
after 770 hours chilling; while for long chill x short
chill (and the reciprocal) it was 31 percent; and for
short chill x short chill species, germination was 76
percent.

Because genetic controls result in different tem-
perature optima (maxima, minima, and intermediate
temperature responses) and in different day-length re-
sponse, etc., predictive models must not assume that
all species are constant in these respects. When possi-
ble, one should know the details of the indigenous cli-
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mate for a species being studied; this will provide clues
to critical sequential changes required by the plant to
survive a given climatic situation.

SEQUENTIAL PHENOLOGY

Cessation of Growth
The first general change in a growing plant which

helps adapt it to an adverse winter season is the cessa-
tion of growth. Many species undergo a grand period of
growth up to early or mid-summer, then stop shoot
elongation, set terminal buds, and "mature" their tis-
sues prior to winter. As discussed above, termination
of growth may result from genetic control relating to
shortening day length even though the day length is
still quite long or later from a combination of shorter
days and cooler temperatures. For domestic plants
lacking such genetic controls, however, growth cessa-
tion can be achieved by growth controlling rootstocks
and by various cultural manipulations (32). Reduced
nitrogen nutrition and reduced irrigation in late sum-
mer often are used to stop growth of young vegetative
trees. Trees on dwarfing rootstocks usually result in
earlier growth cessation than those on vigorous stocks
under similar cultural conditions. Summer dormancy
(quiescence) precedes the onset of winter rest. Quies-
cence also must precede the first stage of cold acclima-
tion (31).

Onset of Rest
The onset of rest in buds of deciduous species is a

transitional phase occurring during autumn. The begin-
fling of chill unit accumulation to break rest for peach
was reported by the Utah group (Richardson, et al., 26)
to be in early autumn on the day after attainment of the
greatest number of accumulated negative chill units
(temperature above 16°C), and the greatest intensity of
rest for peach was shown to occur in late fall (Hatch
and Walker, 21) which for that year was mid-November.
In general, deciduous species growing in a temperate
climate drop their leaves in the transitional period be-
tween summer and winter, usually as a result of senes-
cence or a killing frost. Recent work by the Oregon
group has shed new light on the physiological maturity
of plants during the transition from summer dormancy
to winter rest. Fuchigami et al. (20) showed that defolia-
tion of Cornus stolonifera plants prior to the onset of
rest (late Sept.) resulted in death or severe dieback.
Defoliation later than Oct. 1 had no adverse effect on
nursery stock dug and stored overwinter. Fuchigami
(19) also showed that ethephon applied before the early
onset of rest did not defolia'e plants, while after that
time it was an effective defoliant. The role of ethylene
in plant maturity and dormancy was further studied by
Seibel (28) who found that vegetative maturity corre-
sponds to the onset of rest (when there is no regrowth
following defoliation) and that there is a sharp decline
in endogenous ethylene several weeks before vegeta-
tive maturity. Thus this decline in ethylene can be used
to predict when nursery plants will be mature for dig-
ging. Environmental cues are necessary for temperate
plants to undergo this transition. Responses of tem-
perate species to tropical or subtropical climates, how-
ever, are much different. Such responses will be dis-
cussed here because they serve to illustrate some of
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the known effects of environment on onset and depth of
rest.

Tropical climates lack the environmental cues for
the onset of rest, so full rest is not attained with tem-
perate species. Thus, some have assumed that temper-
ate cultivars such as apple, which sometimes grow in
the tropics, have genetically fixed low chilling require-
ments. Actually, they don't need the usual chilling to
break rest because under those conditions they do not
enter deep rest. In Taiwan, grapes are grown continu-
ously by defoliating and pruning the plants after harvest
to start a new cycle of growth, resulting in two to three
crops per year with no rest period or chilling in the
annual cycle. Two crops of pears and apples are grown
there, too, but yield and quality are poor. Janick (23)
reported that Rome Beauty apple is grown successfully
in tropical Indonesia. Leaves are stripped off one month
after harvest in April, resulting in a second cycle of
flowering and growth, with the second crop maturing
in October. The natural climate there lacks completely
the environmental cues to induce winter rest. In Peru,
apples are grown with avocado, mango, and papaya by
withholding water and pruning during the summer sea-
son, then using pruning, irrigation, nitrogen fertilizer,
and dinitro-oil sprays in the fall to stimulate growth
when they normally would be going into rest (Aron 2, p.
56). In Israel, low-chilling peaches have been grown by
cutting back the entire tree after June harvest; the
basal buds grow vigorously to produce a new tree by
November, then the buds undergo a short period of
rest before resuming growth and flowering in early
March (Erez, 16). In Guatemala, temperate fruits are
grown, but only at higher elevations (usually above
1500 meters). In this situation, the day length and tem-
perature cues to induce rest are relatively weak and
the intensity of rest may not be as great as in temper-
ate climates. The extent to which temperate-zone fac-
tors, such as rainfall, influence onset and depth of rest
are being studied (34).

Chilling to Break Rest
Obviously the amount of chilling required to break

rest depends not only upon the genetic makeup of the
species, but also on the conditions required for enter-
ing deepest rest and upon several dynamic factors
occurring during rest. Hatch and Walker (21) found
that in Utah the onset of rest in apricot and peach had
begun before October 1. Rest intensity increased in
apricot until early November and in peach until late
November. Under Utah conditions, chilling terminated
rest in both species by early January. As previously
noted, however, (16,23) this clearly defined sequence
does not necessarily occur in all climates. In California,
Brown (6) divided apricot bud growth into four periods:

Slow summer development, up to rest. Here bud
development was reduced by high minimum tem-
peratures but was unaffected by variations in
maximum temperatures.
Winter rest. Bud development was delayed by
high maximum temperatures but enhanced by
temperatures low enough for chilling but high
enough for some growth.
Late winter transition from slow to fast growth.
Here development is advanced more effectively
by growing temperatures at the lower end of the
range.



4. Rapid spring growth before anthesis. Develop-
ment was responsive to the full range of growing
temperatures. Such studies indicate a qualitative
difference in response to temperature, depend-
ing upon the time of year.

Various models have been developed to determine
effective chilling under dynamic temperature condi-
tions that occur in the field. Aron (2) found under Cali-
fornia conditions the following equation gave a good
prediction of chilling hours below 45°F:

Chilling Hours = 801 + .2523B + 7.574B2 X 10
- 6.51 B' x 1 0-° - 11 .44T, - 3.32T,

45 - T,
WhereB XHD

T7 - T,

and T1 = Avg. °F mm. temperature
T2 = Avg. °F max. temperature
H = 24 (hours per day)
D = Days in the period

The inclusion of data on cloud cover and humidity
somewhat improved the above equation.

Richardson et al. (26) proposed a weighted chill
unit model for Utah:

Chill units=24(0P1 + 0.5P0 + P, + 0.5P4 + 0.5.P5
- 0.5P - P7) where P is the proportion of the
daily temperature range T:

Chill units in this model begin the day after the day in
late summer when the greatest number of negative
chill units have accumulated.

Other models simply use the total hours (from ther-
mograph charts) from a given date (for example Octo-
ber 1) below a specified temperature, (e.g. 8°C, or the
hours between 0° and 8°) giving equal weight to all
hours. None of the above-named methods seem to pre-
dict the termination of rest in all climatic situations.
The low error in predicting hourly temperatures from
max-mm records reported for the Utah model was not
found under California, Georgia, or Oregon condi-
tions. Apparently, the relationship between max-mm
data and hourly temperatures can be different depend-
ing upon the climatic area.

The validity of the present chill-unit models is
based upon these assumptions:

Each clone or cultivar has a constant chilling
requirement regardless of environmental condi-
tions.
Rootstock does not influence chilling require-
ment.

The range as well as the optimum chilling tem-
perature are the same for all species. (The Utah
CU model is for Redhaven and Elberta peach
only)
Temperature effects are the same through the
onset of rest, deep rest, and at the termination of

rest, and the transitions from quiescence to rest
and from rest to post-rest are distinct and can be
determined.

5. Chilling begins on a climatological rather than
biological basis.

At least some evidence exists that none of these as-
sumptions is entirely met. Winter rain was shown to
lower the chilling requirement for Delicious apple and
Bartlett pear buds (34). Rootstocks may alter the chill-
ing requirement of pear scion buds (8, 35). The opti-
mum chilling temperature for seeds of different Pyrus
species was found to vary from 2° to 10°C (33). Sim-
ilar to the studies of Brown (6, 7) Mge (24) showed that
different temperatures on fruit species during rest in-
fluenced growth in a different way than did the same
temperatures near the end of rest. He speculated that
high temperatures (18° to 21°C) stimulate growth if
buds are not too deep in rest, but 9° to 12°C tempera-
tures have some effect on growth as well as on chill-
ing to remove rest. The intermediate temperature 15°
stimulated less growth, presumably because it is too
high to help with chilling. If these reports give a correct
indication of the complexities involved, then new mod-
els should include such factors (rootstock, rain, tem-
perature optima etc.) as variables rather than as con-
stants.

Bud Break and Growth
A number of workers have used bud break of cut

shoots as an indication of the completion of rest (14, 21,
24, 30, 34). Yet with sub-optimal chilling, bud break
may occur, followed by some shoot growth even though
it is much less than with full chilling (32, 35). Also, the
validity of using cut shoots is open to question, be-
cause roots are known to produce GA and cytokinins,
which aid in breaking rest.

This raises the question of when to start adding
heat units to estimate bloom dates or other phenologic
stages. If the chill unit model (3) can predict the end of
rest accurately, and if heat units from that time are most
accurately related to bud development, then the Utah
model (26) is appropriate. But if specific processes
evoked by environment are overlapping rather than
non-overlapping during both the onset and release of
rest, then a more complex model which includes spe-
cific transition parameters would be useful.

A number of models for plant growth have been
proposed (1, 10, 18, 26). As reported by Anstey (1) sev-
eral methods have been used for relating temperature
to blooming dates. Some simply used the summation of
the difference between a chosen base temperature and
the daily maximum. Others used the summation of the
difference between a base temperature and the daily
mean. Both of these are referred to as growing degree
days (GDD). Growing degree hours (GDH) are deter-
mined in the same way, but are summed for each hour.
The Utah model (26) for GDH uses a base temperature
of 4.5°C and also imposes an upper limit of 25°C, be-
yond which no warmer temperatures are used in the
hourly sum, thus:

24

(T - 4.5)GD H

where T T for 4.5 and 25
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P T. (°C) P 1 (°C)

Pt < 1.4 P4 9.2 to 12.4
P., 1.5 to 2.4 P 12.5 to 15.9
P 2.5 to 9.1 P6 16tb18

P7 >18



Hours in a given temperature category are determined
by interpolations along straight lines drawn between
the maximum and minimum temperatures for each day.
This model in Utah predicted Delicious apple bloom to
within three days of actual for ten orchards.

Anstey (1) examined 20 years of phenology and
temperature at Summerland, B.C. for five tree species,
and reported that bloom dates were better predicted if
maximum daily temperatures were used rather than
average daily temperatures. Under that temperature
regime, the best starting dates for apple, pear, and
cherry were near March 1, peach was February 21, and
apricot February 16.

Thus GDD for bloom was:

GDD = (TInaxTbase)

Tbase = 3.9°C for peach and apricot, 5° for cherry, 6.7°
for apple, and 5.6° for pear.

In addition to the various attempts to relate heat
units to plant phenology, several have sought to in-
clude or use light or radiant energy measurements in
such relationships (1, 5, 10, 18). Bates (5) suggested
that accumulated solar units (langleys) alone are better
than heat units. This does not suggest that heat is not
the important factor, but that solar units better estimate
it. Anstey (1) incorporated light into his heat unit model
by including day length as a factor, but such a model
did not improve predictions over heat units alone. Cap-
rio (10) has proposed the solar thermal unit (STU), in
which the average daily temperature degrees above
0.6°C times the langleys radiation per day are summed
to a specific phenologic stage. This equation is used to
estimate the beginning of bloom:

STU =
[Cal

Te

[(Tmax + Tmin

2

cm2 day

/ Tmax + Tmin\
where I 1- mean daily temperature (°C)2)
from standard Weather Service shelters at a height of
1.8 m. Wavelengths (x) of 0.3 - 4 microns solar radia-
tion (langleys) are measured on a horizontal surface.

BB

= summation of daily solar thermal units from
Te

the time the daily temperature becomes effective
(Te 0) to the time the species or cultivar begins to
bloom (BB). Effective Temperature

+ Tmin\
(Te > 0)

(Trnax

2 )
- 0.6

This equation better estimated beginning bloom for
purple common lilac than did heat units for locations in
8 of 12 Western states. Locations in Arizona, California,
and New Mexico were not used because they do not

4

always get enough winter chilling to break rest. Thus,
this summation is started at the coldest period of mid-
winter and does not include an estimate of rest ter-
mination (Caprio, 10). In this respect, the Utah model
(26), if correct, is more precise and should estimate
bloom dates as well in Southern as Northern states.

Bachelard and Wightman (4) working with poplar
trees, found distinctly different physiology in the buds
after dormancy (rest) release. They suggest three physi-
ological phases in the overall pattern of spring develop-
ment:

Phase 1 (March 17 (rest release) - April 3)
Increase in GA/inhibitor ratio.
Enhanced metabolic activity, mobilization of re-
serves, and start of shoot elongation.

Phase 2 (April 3-May 1)
Translocation of metabolites to roots.
Start of root activity, stimulation of GA and cyto-
kinin synthesis in roots.
Translocation of hormones from roots to buds.

Phase 3 (May 1 - May 13 (bud break))
Activation of cell division of bud meristem by
cytokinin.
Development of shoot by cell division and cell
elongation.

There are obvious problems with the above-pro-
posed sequence. Cut shoots can be forced into full
bloom without roots. In some cases variations in root
temperatures have not altered bloom dates. As dis-
cussed earlier (34, 35), the chilling requirement for a
cultivar may vary either as a result of rootstock influ-
ence or from different amounts of winter rainfall on the
buds. These effects seem consistent with the regula-
tory physiology outlined above. Winter rain could in-
crease the GA/inhibitor ratio by washing out part of
the inhibitor, by slowing its synthesis, or by stimulating
GA synthesis. Genetically different rootstocks could
synthesize different amounts of hormones to be trans-
ported to the buds prior to the onset of rest (Strausz,
29). If such factors relating to chilling requirements
were better known, then they could be used to more
accurately define chilling requirements of a cultivar
under specific conditions, and hence predictions of
phenologic events involving heat units (such as bloom
dates) could be more consistent as well as more accu-
rate than is presently the case.

Two of the recognized problems of using standard
Weather Service temperatures to calculate heat units
are (a) interpolations must be made to estimate tem-
peratures between recorded maximums and minimums
in the daily cycles, and, (b) sheltered air temperatures
are not the same as bud temperatures and the differ-
ence between them is not constant, but depends on the
time of day and on specific local meteorologic condi-
tions, such as cloud cover, wind, soil moisture, ground
cover, and moisture on the plant surfaces. The present
Western Regional study does not deal directly with
these problems. It does offer considerable phenologic
and meteorologic data from 11 climatologic sites, in
which the same group of phenospecies and fruit culti-
vars are compared. The choice of both early and late-
flowering types provides overlapping phenology pat-
terns which integrate all important environmental influ-



ences impinging upon these plants. The quantification
of these influences by equations and mathematical
models to provide accurate phenological predictions in
specified climates for specified species is a long range
objective, although we were not able to develop an
overall model in this study.

Materials and Methods
During 1967 and 1968, seedlings of several pear

(Pyrus) species were grown at the Oregon Experiment
Station and sent out to each of the cooperating states.
Phenologic gardens were established at the following
sites:

The nine pear species distributed represented a
wide range of ecotypes representing species from di-
verse climates and soils. The species used and the
general description of their indigenous habitats follow:

Species Place of Origin
P. pashia D. Don Semi-tropics of West Pakistan and

India (30-33° lat.) at higher eleva-
tions (1200-2300 m) than where cit-
rus grows.

P. amygdaliformis Vill. Low elevations (< 100 m) In arid
areas near the Mediterranean Sea.

P. calleryana Decne. Mid-to-low elevations (100-1 000 m)-
central and south China.

P. bet ulaefolia Bunge Middle elevations (500-1000 m),
north China.

P. communis L. Mountains of Turkey and Caucasus
(1000-2000 m).

P. elaeagrifolia Pall. Higher elevations (1200 m) near An-
kara, Turkey.

P. fauriei Schneld. Middle elevations (500-1000 m) cen-
tral Korea.

P. dimorphophylla Mak. Lower elevations (10-250 m) central
Honshu, Japan (35° at.)

P. ussuriensis Max. Central Manchuria, SW Siberia (500-
3000 m).

In addition to phenology data from the Pyrus spe-
cies, cooperators collected bloom data for yellow
crocus (Crocus chrysanthus Herb.), tulip (Tulipa ges-
neriana L.), purple lilac (Syringa vu/garis L.), Arnold
Red honeysuckle (Loriicera fatarica L.), Elberta peach
(Prunus persica L. Batsch.), Bing cherry (Prunus avium
L.), Bartlett pear (Pyrus communis L.), and Delicious
apple (Malus domestica Borkh.)

Data collected on the phenospecies were dates of
first and last bloom, percent of the termirtal buds set
by September 1, date of 50 percent leaf-fall (LF50), ex-
tent of chlorosis, winter injury, and total trunk growth.

Climatic data taken at each site were mean monthly
maximum and minimum air temperatures (standard
shelters) and soil temperatures (20 cm depth), and
monthly precipitation from the fall of 1967 through the
summer of 1973, except for some sites where fewer
years' data were provided. Extent of winter injury was
observed in 1973 in the Northwest states, following the
damaging early December freeze of 1972.

Results and Discussion
During the 1967-73 period, California, Oregon, and

New Mexico had the warmest winter minima, while
Minnesota and Montana had the coldest (Fig. 1). Soil
temperature varied widely relative to air temperature at
the same sites, but for most states, the mean daily
winter minima (20 cm depth) were above (or only
slightly below) freezing. In Minnesota, however, mini-
mum soil temperatures at the 15 cm depth were below
freezing for about five months of winter. Lack of uni-
formity in the depth at which soil temperatures were
taken and non-uniform methods of measuring diurnal
fluctuations at the various sites, prevents our making
completely comparable soil temperature comparisons
among the states.

For the 10-year period 1965-74, California recorded
an extreme minimum of -7.8°C while for Minnesota it
was -36.6° (Table 1). The latest spring frost ranged
from April 30 in Oregon to June 29 in Montana. Earliest
fall frost was on September 3 in Montana and as late
as November 1 in California. The average number of

Table 1. Some characteristics of the climates of the sites
used in the regional phenology study.

10 year period (1965-1974)

1 New Mexico did not Continue the regional project and did not sub-
mit data for this table.
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Site Code

De-
grees

Site N. Lat-
itude

Meters
Eleva-
tion Soil Type

California CA 38.5 16 Clay loam (pH 7.0)
(Davis)
New Mexico NM 32 900 Sandy loam (pH 8.0)
(Las Cruces)
Oregon OR 44.5 69 Silt loam (pH 6.3)
(Corvallis)
Washington WA-P 46 350 Silt loam (pH 7.2)
(Prosser)
Washington WA-W 47.5 300 Loam (pH 6.8)
(Wenatchee)
Utah UT 41 1500 Sandy loam (pH 7.2)
(Farm ington)
Colorado CO-G 39 1500 Clay loam (pH 7.9)
(Grand Junction)
Colorado CO-R 39 1800 Clay loam (pH 7.8)
(Rogers Mesa)
Montana MT-B 46 1500-2000 Silt loam (pH 7.2)
(Bozeman)
Montana MT-P 48 500-900 Silt loam (pH 6.5)
(PoIson)
Minnesota MN 45 100-300 Clay loam (pH 6.6)
(Excelsior)

State1
and
Site

Coldest
recorded
Temper-

ature
°C

Date of Date of Average
latest earliest number

spring fall frost-free
frost frost days

(-.5 to 0°C) (-.5 to 0°C) summer

of

in

CA - 7.8 5-01-67 11-01-71 328
OR -23.3 4-30-72 9-18-65 213
WA-P -23.9 5-17-71 9-12-74 151
WA-W -30.0 5-31 -74 9-13-70 137
CO-G -24.4 5-27-73 9-18-71 167
CO-R - 29.5 6-09-74 9-1 4-67 134
UT -25.6 5-26-75 9-23-68 148
MT-B -32.3 6-29-68 9-03-68 107
MT-P -34.4 6-29-68 9-03-68 100
MN -36.6 5-09-66 9-26-65 141
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frost-free days was lowest in Montana (100 days) and
greatest in California (328 days). The relatively long
growing season in Oregon (213 days) was considerably
cooler, however, than in most other states (Fig. 1). Ex-
cept for Montana and Minnesota, Oregon's summer
season has fewer months with mean maximum tempera-
tures above 20°C than the other states.

In early December 1972, a severe freeze occurred
in the Northwest and Western states (Table 2). In
many areas the temperatures prior to the freeze were
mild, so many fruit trees were killed or injured (Proeb-
sting et al., 25). The diverse Pyrus in the phenology

Table 2. Minimum temperatures and freeze injury to Pyrus
species during the freeze of December 8-12, 1972.

Ratings: 0= no injury, 4 = trees dead.
2 Trees were weak from iron deficiency chiorosis.

gardens varied from no injury to complete killing as a
result of the freeze (Table 2). P. ussuriensis trees at
Corvallis were the only ones showing no injury to any
part of them. P. pashia was the least hardy and was the
only species damaged at Davis, CA, where the freeze
was not as severe as at other sites. P. amygdaliformis
also was relatively non-hardy. The freeze generally did
not injure tree roots in the Northwest because snow
cover prevented freezing of the soil. However, the
ground was bare at the Prosser, Washington site (WA-
P) and the roots of P. elaeagrifolia were injured yet no
injury was apparent to the above-ground portion. De-
tails of the injury to orchards are presented in W-130
regional bulletin 813 (25).

Precipitation was greatest in Oregon, while it was
less than 21 cm in New Mexico, Colorado, and Wash-

Table 3. Mean monthly precipitation (in cm) during the five year period 1967-72 at 11 climatic sites.1

1 1 inch = 2.54 cm.

ington (Table 3). Since the phenospecies were irri-
gated, their survival was not related to natural rainfall,
except indirectly, by lowering soil pH in the higher rain-
fall areas. Lime-induced chlorosis, particularly of P.
fauriei and P. pashia, was much greater in arid areas
with alkaline pH. Trees with severe chlorosis tended to
die more readily than healthy ones from freezes or
other adverse conditions.

In Oregon and California, precipitation was heaviest
during fall and winter, while in Montana and Minnesota
it tended to be heaviest in summer and fall (Table 3).
Such seasonal patterns of rainfall might affect both the
onset of rest and the depth of rest for a given cultivar
and season, where the precipitation is in the form of
rain rather than snow. Hemphill and Tukey (22) re-
ported that intermittent water mist on Euonymus plants
not only delayed the onset of rest and leaf senescence,
but also lowered the ABA content of the buds. Strausz
(29) reported that significant amounts of abscisic acid
(ABA) were leached from seedcoats of P. communis
seed during a five-minute rinse with water. It earlier was
shown (33) that chilled, but unwashed, Pyrus seed were
inhibited in both germination and growth. Recently (34)
pear and apple buds exposed to fall and winter rains
were found to grow with less chilling than those kept
dry. Thus, it appears the chill unit requirement for a
given cultivar is not constant. For example, apples
grown in the tropics do not enter rest at all (23). Hand
leaf-removal evokes a new cycle of flowering and
growth without passing through winter rest. Because
rest is not constant for a cultivar under differing cli-
matic conditions, perhaps the new method of determin-
ing chill unit requirements (3) should be used to de-
termine chill unit requirements in each distinct climate.
This could be done in the continuing regional project
W-130. Under cold, dry continental winters, the method
appears to be accurate and consistent with earlier re-
ports (8, 14, 30).

It was previously reported (33) that chilling require-
ments of Pyrus species seeds were related to their
adaptability to winter climates, and that P. pashia and
P. amygdaliformis had the shortest chilling require-
ments. These same two species generally showed the
most winter injury and the lowest survival rate (Table
4). The species having the lowest chilling requirements
also tended to continue growth later in the season than
others. It is well known that active, growing trees cannot
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State
and
Site Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug.

An-
nual
Total

Centimeters precipitation
CA 0.4 2.5 8.0 8.7 13.7 7.8 3.2 1.2 0.7 0.1 0 0 46.3

NM 2.1 1.8 0.2 2.0 0.2 0.5 0.6 0.2 0.1 0.4 3.2 2.0 13.3

OR 5.4 11.8 14.9 27.6 26.8 14.2 10.5 7.5 4.5 5.0 0.5 3.0 131.7

WA-P 1.4 1.3 2.2 2.4 3.3 1.4 1.5 0.9 2.1 1.8 0.3 0.6 19.2

WA-W 0.7 0.6 2.1 5.2 5.1 1.6 1.2 0.6 0.8 1.8 0 0.9 20.6

CO-G 1.1 3.3 1.2 1.0 1.7 0.6 4.4 0.8 0.5 3.3 1.2 1.0 20.1

CO-R 3.5 3.7 1.6 2.4 1.0 0.7 1.1 0.9 1.0 2.2 1.2 1.4 20.7

UT 5.3 5.9 5.9 7.1 5.7 5.2 4.0 8.0 3.5 4.2 2.5 1.8 59.1

MT-B 5.2 5.2 3.4 2.2 4.8 1.3 4.3 5.3 6.1 10.0 3.3 3.3 54.4

MT-P 3.1 3.3 3.1 3.0 2.6 2.5 2.3 3.1 5.2 5.7 2.5 2.5 38.9
MN 8.9 11.0 2.1 5.6 5.2 0.8 2.3 2.0 8.2 7.3 9.6 7.8 70.8

CA
OR
WA-P
WA-W
UT
ID

-7.8
-23.3
-21.1
-25.0
-25.6
-32.8

0 0 0 0
3.3 1.9 2.1 1.0
3.0 1.5 2.0 1.0
3.0 2.0 3.0 1.2
3.7 1.1 1.8 1.0
(all trees killed at -41

0
2.1
1.0
1.4
1.7

.1 °C,

0
1.6
0.5
1.1
2.32

1969)

2.0
4.0
4.0
3.9
4.0

0

Dec. Pyrus species:
1972
mm. Ela- Us-
temp. Amyg. Bet. Call. Corn. eag. Faur. Pash. sur.

State 0-4 rating



acclimate to winter cold (31, 32). In contrast, P. ussuri-
ensis and the relatively hardier species ceased growing
(set terminal buds) and had reached 50 percent leaf
fall (LF50) much earlier in the fall than less hardy ones

P. amygda!iformis

8

Table 4. Behavior of nine Pyrus species grown at 11 climatic sites (196772)2

(Table 4). In fact, P. ussuriensis appears to stop growth
under the influence of shortening day length in late
summer, much as do the northern clones of dogwood
(31).

'CA = California (Davis)
NM = New Mexico (Las Cruces)
OR Oregon (Corvallis)
WA-P = Washington (Prosser)
WA-W = Washington (Wenatchee)

CO-G = Colorado (Grand Junction)
CO-R Colorado (Rogers Mesa)
UT = Utah (Farmington)
MT-B = Montana (Bozeman)
MT-P = Montana (Poison)
MN Minnesota (Excelsior)

2 Some plantings were from 1968-73, and with some, less than five years
data were collected.

P. dimorphophylla
OR 0 0.5 100 11-24
MT-P 8 40
MN 17 50

P. elaeagrifolia
CA 34 0 0 71 95 12-2
NM 0 4.0
OR 7 0 1.1 100 100 10-29
WA-P 5 0 0 100 94 11-18
WA-W 21 0 0.5 80 30 11-12
CO-G 37 0 0 100
CO-R 34 0 0 100
UT 113 0 1.7 58
MT-B 0 1.5 10 55
MT-P 36 0 42 100
MN 4 0 2.9 60 100

P. fauriei
CA 59 0 0 90 90 11-24
NM 4.0 0
OR 8 0 0.7 100 60 10-27
WA-P 9 0.2 0 92 62 10-26
WA-W 21 1.3 0.4 100 10 10-27
CO-G 2 3.5 0 0
UT 29 4.0 2.3 58
MT-B 0 3.5 14 29
MT-P 22 3.0 75 0
MN 20 0 1.2 15 30 10-29

P. pashia
CA 117 1.0 0.2 80 88 12-20
NM 65 2.5 0
OR D 0 2.0 0 10 12-5
WA-P 2 0 2.6 0 0 Ever-

green
WA-W D 0 4.0 0 4 11-20
CO-G D 3.5 4.0 0
UT D 3.6 4.0 0
MT-B 0 4.0 0 0
MT-P 4.0 0 0
MN 0 4.0 0

P. ussuriensis
OR 0 0 100 100 10-5
WA-P 100
MT-B 22 0 0.5 100 82
MN 14 0 2.0 80

CA 72 0 0 60 75 12-14
NM 17 0.5 0
OR 10 0 1.2 10 30 12-14
WA-P 5 0 0 40 46 12-1
WA-W 15 0 2.3 40 33 11-29
CO-G 87 0 0 60
CO-R 43 0.1 0.1
UT 38 0 3.7 7
MT-B 0 3.5 0 57
MT-P 11 3.5 0 24
MN 0 4.0 0

P. betu/aefolla
CA 206 0 0 100 62 12-9
NM 16 0.5 0
OR 95 0 0.8 90 45 11-27
WA-P 40 0 0 100 90 11-21
WA-W 65 o 0.7 100 30 11-22
CO-G 123 2.0 0 100
CO-R 113 0.7 1.2 57
UT 139 0.4 1.1 73
MT-B o 3.0 0 22
MT-P 46 3.5 18 4
MN 88 0 2.0 69 80 11-13

P. ca!Ieryana
CA 137 0 0 69 88 12-9
NM 26 0.5 0
OR 77 0 0.9 75 10 12-10
WA-P 31 0 0.8 88 32 11-26
WA-W 29 o 3.5 100 4 11-29
CO-G 121 1.0 0 88
CO-R 83 0.1 1.1 90
UT 191 o 1.8 56
MT-B 0 3.5 0 20
MT-P 23 3.5 8 16
MN 15 0 3.0 10 10 11-13

P. communis
CA 109 0 0 68 100 11-26
NM 37 0 0
OR 49 0 0.6 100 100 11-6
WA-P 25 o 0 100 74 11-11
WA-W 52 0 0.1 90 53 11-12
CO-G 71 1.0 0 26
CO-R 40 0 0 87
UT 141 0 1.0 74
MT-B 0 1.0 6 84
MT-P 35 1.0 50 70
MN 34 0 2.0 20 60 11-2

Date
of
50

Chlor- Percent
per-
cent

State1 cm2 osis Winter Percent terminal leaf
and trunk 0-4 injury tree buds set fall
Site size rating 0-4 survival by Sept. 1 (LF)

Date
of
60

Chlor- Percent
per-
cent

State' cm2 osis Winter Percent terminal leaf
and trunk 0-4 injury tree buds set fall
Site size rating 0-4 survival by Sept. 1 (LF,0)



Obviously, winter injury is not the only factor re-
lated to ultimate tree survival (Table 4). The adaptabil-
ity of species to low or high soil pH and extent of se-
verity of lime-induced chlorosis also affected ultimate
survival rates. P. pashia and P. fauriei are adapted to
low pH soils, but they were most susceptible to chior-
osis in soils with pH above 7.0. On the other hand, P.
amygdaliformis and P. elaeagrifolia seem well adapted
to the soils with highest pH. Total tree growth and sur-
vival during the five-year period appeared related to
soil type and length of growing season as well as to
climatic adaptability.

Responses of four domestic cultivars and two re-
gional phenospecies (13) to differing soil and climatic
conditions are shown in Table 5. All appeared quite
tolerant to the soils and climates reported, but some
were not grown in the coldest areas of Montana and
Minnesota. The setting of terminal buds and shedding
of leaves in autumn by orchard cultivars appeared more
related to general care and fertility levels than to the
more rigid genetic controls triggered by such things as
shortening of day length in late summer. Most orchard
cultivars are derived from plants which have undergone
thousands of years of selection under cultivation, so it

Table 5. Phenology and adaptability data on four fruit
cultivars and two regional phenospecies (1967-73).

is not surprising their genetic makeup is not as pre-
cisely in tune with the changing seasonal sequence as
are wild types such as the Cornus stolonif era ecotypes
(31) or the climatically diverse species of Pyrus (33).
Because genetic control of fall growth is lacking in
most cultivars, the response of orchards to an early
winter freeze such as the one of December 8, 1972 is
quite variable and depends upon specific cultural fac-
tors such as rootstock (dwarf stocks cause early setting
of terminal buds), amount of late summer irrigation,
level of fertilizer (particularly N), degree of pruning, and
age of tree. All such factors relate to plant vigor and
amount of late season growth, which usually is inversely
related to a tree's ability to acclimate. Also, meteoro-
logical conditions of sky cover, wind speed, snow cover,
duration of the cold period, and rapidity of the tempera-
ture fall, all may cause variability in the plant's re-
sponse to a freeze.

The period of open bloom for a given species or
cultivar was extremely variable from site to site (Figs. 2,
3, 4). For example, P. fauriei started blooming in early
March in California, but did not begin to bloom in Utah
and Minnesota until mid May. The blossom periods at
some sites, e.g. California and Oregon were very pro-
tracted compared to sites with late bloom dates. The
long bloom periods in Oregon were due to the relatively
cool spring temperatures, but in California spring tem-
peratures are much higher (Fig. 1), indicating the cause
of protracted bloom in California is likely due to warmer
winters and inadequate chilling to completely break
rest in some years. Thus lilacs bloom earlier at higher
elevations than lower ones in CA, AZ, and NM. With
orchard cultivars, a protracted bloom period would
guard against complete loss of crop from spring frosts,
but it also could result in more variable fruit maturity at
harvest. Obviously bud burst and spring phenology are
regulated by several factors, among which are: Condi-
tions during onset of rest, winter temperature and cli-
matic conditions, specific chilling requirement of the
cultivar, and cumulative heat units (or solar thermal
units) following the termination of rest. As reviewed
earlier, the quantification of these phenologic factors
to predict when a given stage will be reached has been
the object of several studies (1, 2, 3, 8, 10, 17, 21, 24,
26, 27, 30, 34, 35). As part of the regional W-130 project,
we will continue to refine chill-unit and heat-unit mod-
els from data supplied by cooperating states. The data
collected will be used in constructing models for pre-
dicting the responses of key phenospecies and fruit
cultivars.

The diversity of bloom data from different sites
(Figs. 2, 3, 4) are inconsistent in places, possibly due
either to lack of data (or too few years' data) at some
sites, or possibly to differences in individual observers.
For a more general overview of spring phenology at one
site and using a single observer for an 11- to 12-year
period, data from Oregon are presented for 19 Pyrus
species (Fig. 5), 18 fruit and nut cultivars (Fig. 6), and
for 20 phenospecies (Fig. 7). It should be remembered
in viewing the data that at the Corvallis site, the chill
unit requirement to break rest is met every year, so the
spring phenology shown reflects responses to spring
temperature and radiation conditions and is not com-
plicated by inadequate winter chilling. These same spe-
cies would not respond in the same way in regions with
inadequate winter chilling. Also, the relatively early
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Date
of
50

Ch br- Percent per-
State osis Winter Percent terminal cent
and 0-4 injury tree buds set leaf
Site rating 0-4 survival by Sept. 1 fall

Peach (Elberta)
NM 0 0
OR 0 1.5 50 100 10-30
WA-P 0 0 100 100 10-3
WA-W 0 0.8 100 46 10-22
CO-R 1.5 2.0 100 75

Cherry (Bing)
OR 0 0.7 95 100 11-27
WA-P 0 0 100 100 11-2
WA-W 0 0.6 100 52 11-2
CO-R 0 0 100 100

Pear (Bartlett)
NM 0 0
OR 0 1.0 95 100 10-28
WA-P 0 0 100 100 11-16
WA-W 0 0.3 100 80 10-23
CO-R 0 0 100 90

Apple (Delicious)
NM 0 0

OR 0 0.3 95 100 11-20
WA-P 0 0 100 100
WA-W 0 0.2 100 19 11-3
CO-R 0 0 100 75

Purple lilac
NM 0 0
OR 0 0.1 100 100 11-8
WA-P 0 0 100 100

Honeysuckle (Arnold Red)
OR 0 0.1 100 100 10-20
WA-P 0 0 100 100
WA-W 0 0 100 70 11-16



MARl APR1 MAY1
Figure 2. Average bloom periods (from first open to last open bloom) of eight Pyrus species at various climatic sites.
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dates of beginning bloom and the relatively cool spring
seasons that characterize the marine climate of western
Oregon, result in more protracted bloom periods than
found at most other sites in the Western region.

Average bloom periods for many Pyrus species in
Oregon is during April (Fig. 5). The earliest ones are
indigenous to both high latitudes (P. ussuriensis) and
low ones (P. koehnei, P. calleryana). Most of the fruit
species (Fig. 6) also bloomed during April, with apricot

and peach blooming earlier and some apples, walnut,
and grape blooming later. By including bulbous species
such as crocus, snowdrop and grape hyacinth, which
bloom early, and the late-blooming trees: locust, ca-
talpa, and silk tree, we were able to cover the entire
period from late January to October in an overlapping
series of phenospecies (Fig. 7). Such diverse species
phenology, together with appropriate climatologic data
should permit the testing of models that ultimately
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Figure 3. Average bloom periods (from first open to last open bloom) of four fruit cultivars at various climatic sites.



could be related back to fruit species and rootstocks. ticular event from the present stage of another species,
For example, the bloom period of Red Delicious apple e.g. when catalpa is at first open bloom, Napoleon
coincides with that of the purple lilac, a widely used cherry is about 10 days away from harvest maturity.
phenospecies. Such correlative phenology as this helps The continuing examination of existing models and
to tie this study to larger and more comprehensive development of new ones for phenologic events, and
studies (10, 11, 15). Another use of overlapping sea- their uses in fruit production, continues to be a primary
sonal phenology is that of predicting the time of a par- objective of the W-130 regional committee.
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Figure 4. Average bloom periods (first open to last open bloom) for four wide area phenospecies at various climatic sites.
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FiJIT SFCIES
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fFNCY HER
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LICI(1JS APPLE
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FRANWfflE WALJJT
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Figure 6. Average bloom periods (1966-76) for 18 orchard cultivars at Corvallis, OR.
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Figure 5. Average bloom periods (1966-77) for 19 Pyrus species at Corvallis, OR.
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Figure 7. Average bloom periods (1966-76) for 20 phenospecies at Corvallis, OR, covering the entire growing season from Jan-
uary to October.
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