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Abstract. - -Ponder osa pi ne, Douglas-fir, and Engel mann spruce
seedl i ngs were greenhouse container grown, then cold acclinated and
deacclimated in growth chanbers over 19 weeks. Stemcol d hardi ness, new
root length at 14 days, and days to budbreak were neasured weekly.
During acclimtion, root growth capacity had doubl ed when stemcold
har di ness reached -22 °C. During deacclimation, root growh
capacity was not |ost when two-thirds of maxi mum cold hardi ness
was | ost. At budbreak, both cold hardiness and root growh capacity

were m ni mum

I NTRCDUCTI ON

The tree nursery industry has |ong recognized the
need for accurate nmeasures of seedling quality (Duryea
1985, Rook 1980). To date, norphol ogical tests
predom nate, because they are quick and easy to perform
and there is a long history of correlation with
survival and growh in the field. Physiological testing
at an operational level is still in its infancy, because
the tests require nbre expensive instrumentation and
are frequently tinme consumng, and in nmany cases we don't
know how to interpret the results. Nevertheless,
physi ol ogi cal testing has the prospect of eventually
being a far better predictor of field performance than
nor phol ogi cal characteristic.

To becone established in the field, seedlings nust
first make root contact with the surrounding soil (Tinus
1974), and it is the new white root tips that are the
| ow resi stance pathway for water uptake (Carlson 1986).
This is why root growth capacity (R3) has becone an
inportant test and has been found well correlated with
field survival and growh (Jenki nson 1980, 1984).

Next, the seedling rmust grow in height. Meeting
chilling requirements for budbreak is rarely a problem
with bare-root stock, but can be with container-grown
seedl i ngs. More inportant,
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budbreak has 1 ong been the criterion for judgi ng
plantability of stock, yet spring budbreak is the |ast
in a series of physiological changes fromw nter
dormancy to summer growt h.

To be a useful managenent tool, a test has to
yield results early enough to change the course of events.
Measuring bud dormancy by counting days to budbreak
takes much too | ong. Assessing root growth capacity
by the pot test takes 28 days; this can be cut to 7-14
days in the aeroponic m st box (R tchie 1985, Dewvld et
al. 1985, Burdett et al. 1983), but probably not |ess.
However, there are tests for cold hardi ness that can
be done in a matter of minutes to 2 days (Burr et al.
1986, Greer 1983a, 1983b, Pel konen and d erum 1985,
Col onmbo et al. 1984, Andrews et al. 1983). Know ng
the cold hardiness and the rate of acclimtion or
deacclimation is valuable for protection of the
seedl i ngs, such information could al so be used as a
quick estimator of bud dornmancy and root growth
capacity if a good, consistent relation between the
three paraneters could be found.

The purpose of this study was to find whether
such a relation exists. Qur research showed that ROG
and cold hardiness tests can indicate loss of quality
weeks before visible budbreak.

MATERI ALS AND METHODS

Ponder osa pine (Pinus ponderosa Laws.,
Chevel on District, Apache-Sitgreaves National
Forest, elev. 2,300 n), Douglas-fir (Pseudotsuga
nenziesii var. glauca (Beissn.) Franco, J oudcroft
District, Lincoln National Forest, elev. 2,700 m,
and Engel mann spruce (Picea engel mannii (Parry)
Engel m, Springerville District, Apache-Sitgreaves
Nati onal Forest, elev. 3,000 m) were seeded in




400- il Rootrainers? in peat-vernmiculite i n October
1985. They were grown in greenhouses at Flagstaff,
Ariz., with night tenperatures averaging 18-21 °C and
day tenperatures 23-25 °Cuntil April 1986, when day
tenperatures began to rise, reaching about 28 °C by
June. Dayl ength was extended to 22 hours with
fluorescent light. Qher cultural conditions were as
recommended by Tinus and McDonald (1979). On June 24,
the seedlings were sorted; those of uniformsize were
placed in four Percival HL-60 growth chanmbers under
43,000 | ux from sodium and nultivapor arc |ights and
kept watered as needed with nutrient solution under a
cold acclimtion and deacclimtion reginme (indicated in
table 1). Al seedlings were of a single population
that went through the same succession of stages. At
weekly intervals, sanples of seedlings were taken for
concurrent tests of cold hardiness, root growh
capacity, and bud dor nancy.

Table 1.--Conditions of cold acclimtion and
deaccl i mati on

Stage Dura~ Day Night Day Nutrient
tion temp. temp. length solution
(weeks) (°C) (°C) _ (hours)

1 3 20 15 10 Low N,
high PK

2 7 10 3 10 Low N,
high PK

3 5 5 -3 10 Low N,
high PK

4 4 22 22 16 High N

Col d hardi ness was neasured by a whol e-pl ant
freeze test. One book of four seedlings of each species
was placed i n each of three styrofoam cool ers, and the
rootbal | s supported and covered to a depth of 5 cmwth
dry vermculite. The coolers were instrumented with
therm stor probes in the crowns of the seedlings, the lid
wired shut, and the coolers placed in a 650-L household
chest freezer. The tenperature was |owered rapidly
fromanmbient to 0 °C and at a rate of 3-5 °C per hour
thereafter. To reach tenperatures bel ow -25 ‘C, a
baki ng pan was placed in the freezer and filled with
liquid nitrogen. The size of pan and degree of
insulation controlled the rate of tenperature fall. For
each species, three tenperatures were selected 5 °C
apart, which were expected to enconpass the (50 of the
stem Wien a designated styrofoam cool er reached one
of these benchmark tenperatures, it was removed fromthe
freezer and placed in a refrigerator at +1 °C where it
thawed overnight. The seedlings were then renoved from
the coolers and placed in a warm greenhouse (day 26 °C,
night 19 °C, 22-hour day).

After 7 days, the stens were sliced open and
t he canbi um and phl oem exani ned for browni ng

°Trade names are used for brevity and
specificity and do not inply endorsenent by USDA
or Colorado State University to the exclusion of
ot her equally suitable products.

and cell turgor. For each seedling, the proportion of
stem that had been killed was estimated. Rates of
increasing injury with decreasing tenperature were conpared
across days and species, and data with sinilar rates was
subj ectively placed into 5 groups. This pooling of data
was necessary because 12 trees for a particular day did
not provide adequate information for statistical

anal ysis. For each group, injury in the range 10-90%
was regressed agai nst tenperatures, and the 50%i njury poi nt
was estimated by calibration nmethods

(Graybill 1976). The range 10-90% was chosen because
the relation between injury and tenperature was
primarily linear, but nonlinear above and below this
range.

At the same tinme the cold hardiness test was run,
ei ght additional seedlings per species were placed in an
aeroponic m st box in a greenhouse (day 26 °C, night
18 °C, anbient day length) to neasure root growh
capacity. The seedling stens were inserted through hol es
in plywood strips and held in place with urethane foam
plugs. The intact rootbhalls were exposed to 100%rel ative
humdity at 27 °C naintained by a warm-water intermttent
mst. After 14 days, the new white roots that energed
fromthe rootball were neasured (cm* 1) and counted,
and RGC expressed as total new root |ength per seedling.
RGC was neasured wi t hout danmmgi ng the seedlings, which
were then returned to the nist box.

The seedlings were left in the m st box until
they broke bud. A seedling was considered to have
br oken bud when 50% of its buds had broken. Days to
50% budbreak were recorded when four of the eight
seedl i ngs had broken bud. When this was not observed
directly, days to 50% budbreak were cal cul ated by
linear interpolation. The observations were plotted
agai nst day nunber during acclinmation and deacclimation,
with intervals plotted for the interpolated points. The
endpoi nts of the intervals indicate actual neasurenents.

RESULTS AND DI SCUSSI ON

Budbr eak proceeded approxi mately as expected from
previous work (Lavender 1985), but with sone differences
bet ween species with respect to timng (fig. 1).
Engel mann spruce did not break bud at all until day
42, or after 1,176 chilling degree hours below 7 ‘C.
Chilling requirements were fully net by day 71, after
2,800 chilling degree hours. Days to 50% budbreak
remai ned stable at about 21 days until the
deacclimati on period, during which days to 50% budbr eak
declined to zero in 21 days.

Dougl as-fir did not break bud until day 56,
after 1,960 chilling degree hours. Chilling
requirenents were fully nmet by day 71
(2,800 hours). Thereafter, days to 50% budbreak
remai ned stable at about 26 days until the
deaccl i mati on period, during which days to 50%
budbreak declined to zero in about 28 days.

Ponderosa pine did not require any chilling to
break bud, and broke bud even at the earliest test dates

except at day zero. After 21 days at day



A. Ponderosa Pine
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Figure 1.--Days to

50% budbreak of (A) ponderosa

pine, (B) Douglas-fir, and (C) Engel nann

spruce as a f

unction of tinme. Tenperature

stages are described in table 1. Plotted
intervals indicate interpolated val ues, the
endpoints of the intervals being the actual

measur enents.

20 °C, night 15 °C, days to 50% budbreak declined to a
pl ateau between 18 and 30 days, but wth nore
variability than Engel mann spruce and Dougl as-fir. Days to
50% budbreak declined to zero in about 28 days.

Root growt h capacity (fig. 2) of Douglas-fir
(fig. 2B) was low (100 cm per seedling) at the
begi nning of the acclimation period. Two weeks into
the second stage of hardening (day 10 C, night 3 Q)
RGC began a rapid rise to a 400 cm peak at day 84
during the third stage of hardening (day 5 °C, night -3
'C). RGC dropped to about 250 cm and then rose to a
second peak 1 week into deacclimation. Because of
variability, the two peaks separated by a valley may
not be distinguishable statistically, but the second peak
especi al |y nakes sense biologically. Many workers have
found an inverse correl ati on between root and shoot growt h,
with a particularly strong burst of root growh shortly
bef ore budbreak (R edacker and Arbez 1983, Jenki nson 1980,
El Nour and R edacker 1984). After nmore than 1 week
under deacclimtion, RGC declined to a low |l evel (50
cm) at budbreak.

RGC of Engel mann spruce (fig. 2C) was initially
low (70 cn); but 2 weeks into the second stage of
har deni ng, RGC rose abruptly to about 230 cm per
seedling with a ot of variability. Maxinum RGC (320
cm occurred 1 week into deacclimation; but again,
because of variability, the peak may not be
statistically distinguishable fromthe preceding
pl ateau. After the peak, RGC dropped rapidly with the
approach of budbreak.

RGC of ponderosa pine (fig. 2A) began at m drange
(290 cm and declined to a low of 100 cm Two weeks
into the second stage of hardening, RGC rose abruptly to
over 400 cm where it renmmined until the third stage,
when RGC again dropped to 300 cm As with Engel mann
spruce and Dougl as-fir, a second peak appeared 1 week
into deacclimation, followed by a rapid decline as
budbr eak approached. Again, because of variability, these
relations are not clearcut. However, the pattern (fig.
2) is remarkably simlar to the one reported by
Jenki nson (1980) for bare-root seedlings of the Arizona
ecotype (Read 1980, 1983) grown in California
nurseries.

Al though there are distinct differences between
species, the pattern of RCGC during cold acclination and
deaccl i mati on showed sone very interesting
simlarities. First, the rise in RGC early in the
second stage of hardening occurred at the same tinme for all
three species, although the rise was abrupt in ponderosa
pi ne and Engel mann spruce and nore gradual in
Dougl as-fir. Second, maxi mum RGC was five to seven
times mninum RGC. Third, a second peak (al beit not
distinct statistically) occurred 1 week into
deacclimation, or 2-3 weeks before budbreak, depending
on species. Fourth, RGC declined rapidly as budbreak
approached. Al though RGC appears to have multiple
peaks for each species (fig. 4 below), the
variability in the data (fig. 2) is too great to know
if the peaks are real.
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Tenperature stages are

Col d hardi ness of each species (fig. 3) was
gained and lost as a function of the four successive
tenperature stages. In the first stage (day 20 °C,
night 15 °C, 10-hour day), ponderosa pine (fig. 3A)
did not harden, but stem cold hardi ness was about - 16
‘C (LT s0). During the second stage, there was no
hardening for the first week. Thereafter, hardening
proceeded at about 0.4 °C per day until maximum
har di ness was reached at about -32 "C on day 71. Upon
entering stage 4 (day 22 °C, night 22 °Q),
deaccl i mati on began i nmedi ately and proceeded at about
1 °C per day to a m ni num hardi ness at about -14 °C.

Dougl as-fir stems (fig. 3B) started at mininmum
hardi ness of -11 °C and did not harden during the
first tenperature stage. During the second stage,
there was no significant hardening for 3 weeks.
Thereafter, hardening proceeded at about 0.5 °C per day,
reaching an LT(50) of -47 °C by the end of stage 3
(day 105). Gain in hardi ness was continuous with no sign
of leveling out, as there was in ponderosa pine.
Therefore, -47 °C nmay not represent naxinum possible
col d hardiness of Douglas-fir stems. Upon entering
stage 4, deacclimtion began i mediately and proceeded
at about 2.3 °C per day to -11 °C.

Li ke ponderosa pine and Dougl as-fir, Engel nann spruce
(fig. 3C) did not harden during the first stage, nor
did it harden during the first 2 weeks of the second
stage. Thereafter, Engel mann spruce stens hardened at
about 1 °C per day fromabout -15 °Cto -63 °C on day
84. By day 93, 27 days into the third stage, Engel mann
spruce was unkillable at -77 °C, which was the |ow
limt of the freezer. Upon entering stage 4, Engel mann
spruce deacclimated to -35 ‘Cin 1 week, a rate of at
least 6 'C per day. The rate of dehardening declined
rapidly thereafter, finally reaching a m ni nrum hardi ness of
-13 °C

The principal differences between species seemto be
in their rate of hardening and the nmaxi num attainabl e
hardi ness, which is much in keeping with the altitude of
their native habitat. In Arizona, ponderosa pine grows
from1,800 to 2,700 m Douglas-fir fromz2,400 to 3,000 m
and Engel mann spruce from 2,700 to 3,300 m

In addition, there are sonme striking simlarities
bet ween speci es. No hardening occurred at warm
tenperature even with a short day. Based on work on
deci duous species, partial hardening m ght have been
expect ed (Ketchie 1985, George and Burke 1977), but does
not seemto occur in conifers (Aronsson 1975) except in high
latitude seed origins (Cannell and Sheppard 1982). Wen the
tenperature was |lowered to day 10 'C, night 3 °C,
there was a 1-3 week | ag before hardeni ng began. On
the other hand, there was no lag in the loss of cold
har di ness when deacclimation was initiated, and the
rate of deacclimation was two and one-half to six tines
faster than acclimtion. Aronsson (1975) has nmde
sim | ar observations on Scots pine and Norway spruce.



A. Ponderosa Pine Stems When col d hardiness, RGC, and bud dormancy are

5 TT T T T conpar ed, sone interesting and possibly useful rel ations
emerge (fig. 4). During acclinmation, when stemLTs
* RO v} reached -22 °C, root growth capacity had just doub9ed.
' } * RGC was then on a high plateau in the case of ponderosa
2s5h _ pine and Engel mann spruce, and on a continuing rise in
. the case of Douglas-fir. If this relation were to hold
v ¢ up under further testing, neasuring cold hardiness coul d
becone a quick way to deternmine when to begin fall lifting
45L i in bare-root nurseries.
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112, ponderosa pine was |ess hardy than the

war nest tenperature used. On day nunbers 98 and

105, Engel mann spruce is indicated at -77 °C, but col d hardiness (L1s9 ), root growth capacity

the stens were not visibly injured. (RGC), and days to O% budbreak (BB) as a
function of time for (A) ponderosa pine, (B)
Dougl as-fir, and (C) Engel mann spruce.

Figure 4. --Conposite show ng rel ati on between sten



Satisfaction of bud chilling requirenents
occurred at a level of cold hardiness that varied with
species: in ponderosa pine -15 ‘C (no hardening),
Dougl as-fir -29 'C, and Engel mann spruce -48 °C. This
rel ation may be speci es- and ecotype-specific, further
testing will be required to substantiate this. However,
some rel ation between cold hardiness and bud dornancy is
likely as evidenced by the successful use of chilling
degree hours to predict bud dormancy in many species
(Cannell and Smith 1983, Ownens et al. 1977).

During deacclinmation, the putative second peak in
RGC coincided with a two-thirds |oss of stemcold
har di ness and one-third of the tinme toward budbreak
fromthe plateau representing days to budbreak after the
chilling requirements were net. This relation could be very
useful for deternmining planting stock quality in the
early spring by neasuring cold hardiness. By the time
50% budbr eak occurred, both RAC and col d hardi ness were at
their minimum It is therefore crucial to know the
physi ol ogi cal condition of the seedling weeks and even
nont hs bef ore 50% budbr eak (Lavender 1985).

For ponderosa pine, requirenments for budbreak were
net about 2 weeks before the precipitous rise in RGC, but
in Douglas-fir and Engel mann spruce neeting of bud
chilling requirements occurred close to the first peak
in RGC. For all three species days to 50% budbreak
declined steadily fromthe beginning of deacclination,
whereas RAC appears to peak and then decline. A pulse of
root growth prior to budbreak has been observed in nany
species (Ritchie and Dunlap 1980).

In this experinent, tenperatures were selected for
rapi d deacclinmation. Under |ess favorable conditions
deaccl i mati on woul d be slower, but the same sequence of
events woul d probably occur. Wether the observed
rel ati ons between col d hardi ness, RA, and budbreak will
be the sanme under different conditions remains to be
tested.

CONCLUSI ON

Rel ati onshi ps between col d hardiness, RGC, and bud
dor mancy have been found that support a hypothesis by
R tchie (1985) that such relations exist. At present, it
is uncertain how far these results can be generalized.
Ot her ecotypes of ponderosa pine (Jenkinson 1980, Read
1983) and Dougl as-fir (Jenkinson 1984) are known to behave
differently in many ways. Less is known about
Engel mann spruce. Furthernore, these relations were
observed under a single set of tenperature and photoperi od
conditions. Therefore, it would be a m stake to apply
themimredi ately wi thout further testing.

These results suggest cold hardiness testing could
be a pronising avenue for a quick estinate of RGC and bud
dormancy. The whol e-plant freeze test is not
particularly fast, as it takes 7 days and sonetimes
| onger, but faster tests are beconming available (Burr et
al . 1986). It also appears that neaningful infornation
froman RGC test nmay not be obtainable in |ess than 14 days
(Burr, Tinus, and

Wl | ner, unpublished data), and certainly not in |ess
than 7 days (Burdett et al. 1983).
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