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Abstract. - - Cont ai ner - grown ponderosa pi ne, Douglas-fir, and
Engel mann spruce seedlings were cold acclinmated and
deacclimated in growth chanmbers over 19 weeks. A whol epl ant
freeze test and three tissue tests were performed weekly. The
whol e-pl ant freeze test provided results in 7 days and
indicated differences in cold hardi ness between stens, buds,
and needles. Results froma freeze-induced electrolyte |eakage

test and differential thermal
days and 1 hour, respectively.

analysis were available in 2
Both tests were good

predictors of tissue cold hardiness when calibrated agai nst

the whol e- pl ant freeze test.

Et hyl ene and et hane evol ution were

poor predictors of the devel opnent of col d hardiness.

| NTRODUCTI ON

The ability to neasure cold hardiness is
necessary for successful production and establishnent
of high-quality greenhouse and field-grown tree
seedlings (d erum 1985, 'Warrington and Rook 1980).
It provides an essential tool for devel opi ng optimm
greenhouse hardening regimes and for determining the
timng of removal of stock from greenhouse to storage or
field environments. It provides critical information
for sound decisions regarding the timng of lifting,
storage and handling, and outplanting of bareroot
stock. Know edge of cold hardiness can al so
substantially reduce | osses fromlate spring and early
fall frosts by establishing the need for protective
nmeasur es.

The primary nethod used to assess seedling cold
hardi ness is the whol e-plant freeze test (Ritchie
1984). Though the test is highly reliable, it is tine-
consuning and the results are not available for at |east

7 to 14 days, which is not as soon as usually needed.

There are,
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however, physiol ogi cal paraneters vhich can be conveniently
measured and utilized as tissue tests for cold hardiness
that can provide results within 1 to 2 days, or as soon
as 1 hour, depending on the test. If a consistent

rel ationship exists betwen the results of the whol e- pl ant
freeze test and one or nore tissue tests, seedling cold

hardi ness coul d be neasured quickly. The reliability of
the results froma tissue test would then depend on the
calibration, or adjustnent, of the tissue test results to
mat ch the whol e-plant freeze test results.

This paper describes our evaluation of three
tissue tests: freeze-induced el ectrol yte | eakage,
differential thernmal analysis, and ethyl ene and et hane
evol ution. Each is quick, objective, and non-
destructive of whole plants. Each has its strengths
and weaknesses, however, and none are universally
appl i cabl e. The purpose of this study was to assess the
usef ul ness of these three tissue tests for predicting cold
hardiness, and to nake the first calibrations of the tissue
tests against the whol e-plant freeze test.

VATERI ALS AND METHODS

Ponder osa pine (Pinus ponderosa Laws.), interior
Dougl as-fir (Pseudotsuga nenziesii var. glauca
(Beissn.) Franco), and Engel mann spruce (Picea
engel mannii (Parry) Engelm) were greenhouse container
grown, then cold acclinated and deacclinmated in growh
chanbers over a 19-week regine as described by Tinus et
al . (1986). At weekly intervals, sanples of seedlings
were taken for whole-plant freeze tests and root growh
capaci ty




and bud dormancy tests. To establish a firm

rel ati onship between the whol e-plant tests and the
three tissue tests, all were done concurrently each
week. An upper lateral branch or a pair of fascicles,
dependi ng upon the species, was renpved from each of
20 trees per species in the weekly sanple for use in
the tissue tests, and then the seedlings were used for
the whol e-pl ant tests.

Whol e- Pl ant Freeze Test

The procedures for the whol e-plant freeze test
and subsequent analysis were as described by Tinus et
al. (1986). In addition to neasuring percent injury
to stemtissue in the whol e-plant freeze test,
percent injury to buds by a count of |ive and dead
buds, and percent injury to needles by visual
estimation of browning, were also neasured after 7
days to provide a reference for conparison of the
three tissues. The 50% injury points for the three
tissues were estimated by regression and calibration
met hods, follow ng pooling of the data by rate of
injury across species, days, and tissue types.

Freeze-Induced El ectrol yte Leakage

Measurenment of electrolyte | eakage from stressed
tissue to assess viability is a technique devel oped by
Dexter et al. (1930, 1932). When plant tissue is
cooled to tenperatures that cause injury, cell
menbranes are disrupted and el ectrol ytes | eak out. The
greater the injury, the greater the |eakage.

Needl e segnents, 1 cmlong, cut at both ends, were
prepared fromthe tissue sanples pooled fromthe 20
trees per species each week. Segments were washed in
distilled water and transferred in random groups of 10
to culture tubes containing 0.5 m distilled water.
Three control tubes per species were stoppered and
placed in a refrigerated i cewater bath at 1°C.
Treatment tubes, 21 pe species, were placed in a Forna
Scientifics methanol bath at -2°C. After 0.5 hour the
water in the treatment tubes was nucleated with a -80°C
wire and the tubes were stoppered. The nethanol bath
was then cooled at the rate of 5°C per hour. At each of
seven test tenperatures, selected to span 0 to 100%
injury, three treatment tubes per species were renpved
to thawin the ice-water bath. After all the tubes
were renmoved fromthe nethanol bath and thawed, 3 nis of
distilled water were added to each of the 24 tubes per
species and all tubes were stoppered and placed in a
100 rpm shaker at 24°C for 20 hours incubati on.
Conductivity of the solution in each tube was neasured
after incubation, and the tubes were then placed in a
boiling water bath for 10 m nutes to induce conplete
tissue injury. Conductivity was reneasured after an
addi tional 20 hours incubation in the shaker.

3Trade nanes are used for brevity and
specificity and do not inply endorsenent by USDA or
Col orado State University to the exclusion of other
equal |y suitable products.

Test results, which were available in 2 days,
were reported as percent index of injury (1),
cal cul ated by the formula

1-(T1/T2)

1—(C1 Cz) x 100

where Ty and T are the conductivity of the treatnent
solution before and after boiling, respectively, and
C, and C are the conductivity of the control solution
before and after boiling, respectively (Flint et al.
1967). The formula adjusts the | eakage resulting from
the low tenperature stress for the | eakage from
unstressed controls and for the total |eakage possible
with conplete injury of the individual sanples of
needl e segnents. The greater the index of injury,

the less the cold hardiness at a test tenperature.

A weekly data set consisted of 21 observations
(three replicates at seven tenperatures) for each species. A
nodi fi ed Gauss signoi d nodel (G osenbaugh 1965) was
fitted to each set of 21 points (except Engel mann spruce
data fromdays 84, 98, and 105 where |inear regression
was used) such that

b
b3t 4)

I = bl(l-bze ,
where t represents tenperature. Tenperatures at
various index of injury levels were estimated by
inverting these nodels.

Differential Thermal Analysis

The cold hardi ness of some tree species is
related to a capacity for supercooling, or the cooling
of water bel ow the freezing point without ice fornation
(Burke et al. 1976). The extent of supercooling can be
measured by differential thermal analysis. The profile
of a col d- hardened bud that supercools (Burr et al.
1986) has two peaks or exotherns representing heat
rel eased by the freezing of water within the bud. The
first exothermrepresents freezing of extracellular water
at approximately -6°C, which generally causes no
injury to the bud. The second, or |owtenperature,
exothermrepresents freezing of deep supercool ed
intracellular water and is associated with |ethal
injury (Sakai 1978). The tenperatures at which | ow
tenperat ure exotherns occur have been correlated with bud
acclimation and deacclimation to cold (Tinus et al.
1985). This test can be
used with menbers of many gynmosper m and angi osperm gener a
such as Abies, Acer, Carya, Fraxinus, deditsia,

Juni perus, Larix, Picea, Pseudotsuga, Quercus, Tsuga, and
U nus (Becwar 1980, George et al. 1974, Sakai 1978,
1979). In non-supercooling genera such as Pinus,
however, the differential thernal analysis profile is of
no di agnostic val ue because there is no | owtenperature
exot herm

Ni ne wel | -devel oped buds of both Douglas-fir and
Engel mann spruce were randomy sel ected each week from
the pool ed tissue sanples for differential thernal
anal ysis. Buds were excised fromthe stem tissue bel ow
the base or crown of the bud to ensure the integrity of
nor phol ogi cal features pronoting



supercool i ng (Sakai 1979). The cut surface of an

exci sed bud was wetted with distilled water and di pped
in a powdered synthetic mica nucleator to reduce

supercool i ng of extracellular water. The bud was then
placed in a small cylinder of alunminumfoil. The foil
cylinder was crinped around a copper-constantan
differential thernocouple to insure contact between the
thermocoupl e and bud. A sinmilar foil cylinder w thout a
bud was placed around a reference thernocouple.
Several differential thermocoupl es and the reference were
individually covered with small plastic centrifuge tubes and
then placed in an al um num bl ock, which provi ded uniform
cooling. The al um num bl ock, wapped with heat tape to
regul ate tenperature, was cooled in a -80°C freezer at
1°C per minute. The cooling rate was automatically
controlled by a m croprocessor-based controller connected
to a variable transformer. Cooling of the block and
freezing of water within the buds were docunented by wiring
the thernocoupl es through anplifiers and into strip chart
recorders.

The al um num bl ock could be fitted with buds,
assenbl ed, cool ed, and the data extracted fromthe strip
charts within 1 hour. Mean | ow-tenperature exotherm
tenperatures with 95% confidence intervals were cal cul ated
from each group of nine buds per species each week.

Et hyl ene and Et hane Evol ution

Intact plant tissues synthesize ethylene at
different rates during the various devel opnental stages of
the annual growth cycle, with rates highest during active
growt h periods and | owest during dormancy (Seibel and
Fuchi gam 1978). Ethyl ene evolution from excised tissue
harvested on different dates has been related in the
sane manner to the level of vegetative maturity and
hardi ness in white pine. Ethylene | evels were highest
in spring during active growh, declined to low levels in
fall with vegetative maturity, and were not detectable
during winter. Ethylene and ethane evol ution have al so
been found to rise under conditions of stress and strain,
respectively (Harber and Fuchigam 1986). The evol ution
of these two gases was exam ned not as a viability
test, but to explore the hypothesis that the seasonal
pattern of evolution of one or both mght provide a
predictive tool for determ ning the beginning and ending
poi nts of the winter dormancy period, or the starting of
accl i mation and deacclimation to cold.

Ponder osa pine needle tissue was used for the
et hyl ene and et hane evolution test. Needle tip
segrments, 2 cmlong, were prepared fromthe tissue sanples
pooled fromthe 20 trees each week. Segnents were
randomy placed into 10, 2 cc gastight serumvials, 10
segnents per vial. Vials were incubated for 24 hours
at 24°C in darkness. Followi ng incubation, a 1 cc gas
sanpl e was taken from each vial using a gas-tight
syringe, and anal yzed for both ethyl ene and ethane
using an Perkin-El mer 990 gas chromat ograph. An
activated alum na colum was used, and injection
port, columm, and detector tenperatures were 75 C, 50 C

and 150°C, respectively. Prelimnary results were
avail able shortly after injections were conpleted,
and final results, reported as ppming dry w./hour, were
avail abl e after a 48 hour oven drying period.

Box plots were used to flag outliers in the final
data set (Chanbers et al. 1983). Six observations that
were several, often nore than 10, standard deviations from
the mean were omtted after each was found to be
bi ol ogi cal |y unreasonabl e or indicative of problenms in
experinental procedures Mean rates of ethyl ene and et hane
evol ution with 95%confidence intervals were cal cul ated for
each week fromthe renaining observations.

RESULTS AND DI SCUSSI ON
Whol e- Pl ant Freeze Test

During acclimation and deacclimation, changes in the
col d hardi ness of needle and bud tissue of the three
species followed the sanme general patterns as stem
tissue (fig. 1). Ranking of the tissue types by
maxi mum col d hardi ness attained was the sane in all
three species when tissue differences occurred. Stem
tissue achieved the greatest cold hardi ness. Needle
tissue cold hardiness was simlar to that of stens during
the first two stages of acclination and during deaccli mati on,
but did not reach the very hardy levels that stens
did. Buds were consistently the |least cold hardy of
the three tissues in all three species.

The rate of cold hardening in all three tissues
of ponderosa pine (fig. 1A) appeared to level out in
the third stage of the reginme, while in Douglas-fir
(fig. 1B), only the hardening of bud and needl e
tissue stabilized. In Engel mann spruce (fig. 1C),
there was no indication that maxi mum col d hardi ness
was reached in any of the three tissues.

Needl e tissue may be slightly nore cold hardy
than stemtissue in Douglas-fir and Engel nann spruce
during the last 2 weeks of deacclimtion, but not in
ponderosa pine. The last flush of growh in Douglas-fir
was readily distinguishable fromearlier growh, before the
onset of hardening. During this tine, the newest needl es were
significantly I ess cold hardy than ol der needl e tissue, at
the 95% | evel of confidence.

The inportance of assessing the cold hardi ness of
the tissue types separately because of differential
har deni ng, such as described here, has been recogni zed by
other researchers (B ake et al. 1979, Timm s 1977). The
differential hardening of tissues has a critical inpact on
the assessnent of economic viability of planting stock.
For this reason the Industrial Forestry Association has
al so incorporated separate ratings of needle, bud, and
steminjury following freezing tests into their
operational cold hardiness testing program (d erum 1985).



A. Ponderosa Pine Freeze-1nduced El ectrol yte Leakage

The weekly nodel s of percent index of injury
of needle tissue as a function of stress tenperature
for the three species (fig. 2) are |abeled by the day
nunber on which the test was run. Mdels from days O,
14, and 21 were fromthe first stage of acclination;
nodel s fromdays 28, 35, 42, 56, and 71 were fromthe second
stage; the third stage included nmodel s fromdays 84, 98, and
105; and the renmi ni ng nodels, 112, 119, 126, and 133,
were from the deacclimation stage. The range in R'2
for all nodified Gauss signoid nodels was .998 to .874.
The three linear nodels, Engel mann spruce days 84, 98,

Buds and 105, had R values of .867, .693, and .669,

-85 - . respectively.
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Statistical differentiation of the nodels has not
SD20/N15 SD10/N3 SD5/N-3 LD22/N22 been conpl eted, but prelimnary indications are that the
.85 1 ! | | test can detect significant differences in cold
26 57 88 119 150 hardi ness of just a few degrees C, at the 95%| evel of
Time (days) confidence. After little change during the first stage
of the reginme, there was a gradual progression in cold
hardening to day 105, the | ast data set before
) deacclimation. The proportionately large | oss of cold
B. Douglas-fir hardi ness during the first week of deacclimation was
indicated by a sinmilar change in index of injury from day
105 to 112. Deacclimation then proceeded at a sl ower
rate to day 133 at the end of the 19 weeks. The
difference in cold hardi ness between new growh and the
previous season's growh, after bud break at the end of the
19 weeks, was readily detectable. The new growth, nodel
133N, was | ess hardy than the previous season's
—- Stems growt h, nmodel 133, in all three species. Once
hardened, the previous season's needles did not
deharden by day 133 to the level of the new tissue, but
retai ned sone residual cold hardiness.

-~- Needles

== New Needles
.65L * LT 100 - There was al so a gradual change in the shape of
the nmodel s with acclimation and deacclimation. For
mninmally hardy seedlings (e.g., days 0, 14, 21, and
SD20/N15 SD10/N3 SDS/N-3 LD22/N22 133), any decline in tenperature produced a | arge increase
.85 [ 1 1 I ininjury. As plants becanme nore hardy (e.g., days
26 57 a8 119 150 84, 98, and 105), a simlar decline in tenperature
Time (days) produced less injury. This change in sensitivity to
declining tenperature is an inportant consideration when
assigning critical mninmumtenperatures to seedlings.
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C. Engelmann Spruce The stress tenperatures resulting in 50% i ndex of
.5 an T T T i_nj ury of needl es each week were estimated fromthe data in
.. figure 2 and conpared to the whol e-pl ant freeze test
tenperatures resulting in 50%needle injury (LT ) to exam ne
the rel ationship between the results %%f the two tests
. (fig. 3). The freeze-induced el ectrol yte | eakage test
foll owed the changes in cold hardiness as indicated by the
whol e-pl ant freeze test quite well for all three species.
However, with the exception of the |ast week of
_{ deacclimation, the freeze-induced el ectrol yte | eakage test was
a nore conservative test because 50%i ndex of injury occurred
at a higher tenperature than did 50%injury in the whol e-pl ant
freeze test. Calibration of the freeze-induced electrol yte
| | eakage test was necessary because of this difference.
Prelimnary calibration indicated that the
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Figure 1.--Stem bud, and needl e cold hardiness of
(A) ponderosa pine, (B) Douglas-fir, and (C
Engel mann spruce as a function of tine,
determ ned by the whol e-plant freeze test.
G owt h chanber conditions are indicated across
the bottom of each graph and are described in
Table 1 of Tinus et al. (1986).



A1. Ponderosa Pine

Index of Injury (%)
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B1. Douglas-fir
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Figure 2.-- Weekly nodels of index of injury as a
function of stress tenperature for (A) ponder osa
pine, (B) Douglas-fir, and (C Engel mann spruce
determ ned by the freeze-induced el ectrolyte

| eakage test on needle tissue. Graphs A, Bl1l, and
Cl show the weeks of acclimtion, and graphs A2,
B2, and C2, the weeks of deacclimation. Mdels are

| abel ed with the day nunber
run, beginning with day 0 and ending with day 133.
Mbdel 133 N represents new needl e tissue produced
follow ng bud break.

on which the test was
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Figure 3.--Tenperatures resulting in 50% i ndex of

injury to needle tissue in the freeze-induced

el ectrolyte | eakage test (FIEL) and 50% needl e
browning i n the whol e-pl ant freeze test (WPFT) as
a function of time for (A) ponderosa pine, (B)
Dougl as-fir, and (C) Engel mann spruce. Growth
chanber conditions are indicated across the bottom
of each graph and are described in Table 1 of

Tinus et al. (1986).

stress tenperature resulting in 70 to 90% index of
injury in the freeze-induced el ectrolyte | eakage test
frequently matched the whol e-pl ant freeze

test yso during acclination.

This test has been used by a nunmber of workers
on a range of coniferous tree species, including Scots
pi ne (Pinus sylvestris)(Aronsson and Eliasson 1970),
Monterey pine (Pinus radiate) (Geen and Warrington
1978), Dougl as-fir (Psuedotsuga nenziesii)(van den
Driessche 1969, 1976), and bl ack spruce (Picea
mariana) and white spruce (Picea glauca)(Colonbo et al.
1982). These workers have reported a cl ose rel ationship
between el ectrol yte | eakage fromtissue sanpl es and | onger
term devel opnent of visible injury synptons of intact
pl ants exposed to whol e-pl ant freeze tests. Attenpts to
predict the lethal tenperature of whole plants subjected
to freezing tests based on el ectrol yte | eakage of
conposite tissue sanples (e.g. entire stem sections
wi th needl es and buds attached) nmet with variable
success. Calibration of electrolyte | eakage froma
particular tissue to the response of that same tissue in a
whol e- pl ant freeze test has not been previously
reported.

Differential Thermal Analysis (DTA)

The average weekly | owtenperature exotherm
tenperatures of Douglas-fir and Engel nann spruce buds were
conpared to the whol e-plant freeze test bud LT 's to
exanine the rel ationship between the results ° these
two tests. The DTA test results for both species
followed the changes in cold hardiness as indicated by
the whol e-plant freeze test, but DIA was a consistently
nore conservative test (fig. 4). DTA data were not
avail abl e during early acclimtion, when bud cold
hardi ness was warnmer than approximately -6°C, because
any | owt enper ature exot herm was masked by the first
exot herm

Based on a sanple size of nine, the precision of
the | owtenperature exotherm neans allowed differences
during acclimation of t 2°Cto be statistically
detected (p=.95). Differences of + 3 to 4°C were
significant during deacclinmation when the change in cold
har di ness was nore rapid.

In prelimnary calibrations of DTA to the whol e-
pl ant freeze test, the average tenperature at which the
| ow t enper at ure exot hermoccurred corresponded well with
the | owest tenperature at which no visible injury to
buds occurred, or an LT , in the whole-plant freeze
test (Tinus et al. 1996). Since the buds were the
| east hardy of the tissues, the average | ow
tenperature exothermtenperature represented the
| onest tenperature at which there was no injury to the
seedling as a whol e.

Et hyl ene and Et hane Evol ution

There was a general decline in the evolution of
bot h ethyl ene and ethane from ponderosa pine needl e
segnents during the 19-week reginme (fig. 5). However,
the data were so variable that both were poor

predictors of seedling or tissue cold



hardi ness. Some interesting patterns were evident,
though. Each time the environmental conditions
changed, ethylene evolution was stinulated. The peak
inthe first stage of acclimation followed the nove of
the trees fromthe greenhouse to the growth chanbers,
and the renuining three peaks occurred at the start of
each of the subsequent stages. G eenhouse tenperatures
averaged approximately 26°C during the day and 20°C at
night, with day length extended to 22 hours with flores-
cent light. The change from greenhouse to growth
chanber conditions was conparabl e i n magni tude to

A. Douglas-fir Buds
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Figure 4.--The average | ow tenperature exotherm
temperatures fromdifferential thermal analysis
(DTA) of buds and the tenmperature resulting in
50% bud nortality in the whole plant freeze
test (WPFT) as a function of tine for (A)
Dougl as-fir, and (B) Engel mann spruce. Wol e-
plant freeze test data for
Dougl as-fir on day 112 represent an (tio0 at
-25 C, and on day 133 represent an LT at -7°C.
Wol e-pl ant freeze test data for Engel mann
spruce on day 112 represent an LT10Y at -30°C.
Growt h chanber conditions are indicated across
the bottom of each graph and are described in
Table 1 of Tinus et al. (1986).

Ponderosa Pine Needles
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Fi gure 5--Ethyl ene and ethane evol ution from ponderosa
pi ne needl e segnents as a function of tine. Data
points |abeled ' N represent evolution from new
growt h produced follow ng bud break. The upper
point is ethylene,'the | ower, ethane. Growh
chanber conditions are indicated across the top
of the graph and are described in Table 1 of
Tinus et al. (1986).

the ot her changes. Though a rise in ethylene

evol ution may be an indicator of environnental change
in general for ponderosa pine, the |arge standard
errors of the neans nmade detecting statistically
significant differences over tine difficult with the
sanpl e size of 10 that was used. Differences in

et hyl ene evolution fromnew growth produced

follow ng bud break and the previous season's growth
were not statistically significant (fig. 5).

The et hane evol ution neans were nuch nore precise,
and all the departures in the data from the general
declining trend were significant at the 95%1 evel of
confidence. There was a large drop in ethane evol ution
as the trees began to cold harden in the second stage,
and a large rise in ethane evolution as the trees began
deacclimation in the fourth stage. Thus, ethane
evol uti on nmay be a good indicator of the start of
acclimation and deacclimation in ponderosa pine, even though
the trees show no visible signs of these turning points
in devel opnent.

CONCLUSI ON

The four cold hardiness tests are conpared in
Tabl e 1. The whol e-pl ant freeze test was nost
accurate, and coul d conceivably be used with all species,
but the test was cunbersone, destructive
of whole plants, and time consumi ng. Operationally,
reliabl e whol e-pl ant freeze test estimates would also require
nore plants than used here because of increased viability in
field-grown crops.

Wth the species we tested, the freeze-induced
el ectrolyte | eakage test and differential thermal analysis

were good, objective predictors of tissue



col d hardi ness when calibrated to the whol e-pl ant
freeze test. They were both precise and thus detected
slight changes in cold hardiness. The freeze-induced

el ectrolyte | eakage test, though it required two, 20-hour

i ncubation periods, could be tested for use with all conifers,
and a great many sanpl es coul d be neasured concurrently
with no increase in equipnent. It is already being used
operationally, with modified nethods, because of these
advant ages (Col ombo et al. 1984). The mai n advantage of
differential thernmal analysis is that the results can be
available within an hour. Buds are al so very convenient to
sanpl e, require mninal preparation, and exhibit well -defined
exot herns. However, the test can only be used with

speci es that deep supercool, and only when reasonably
wel | -devel oped buds are present. Additionally,
differential thermal anal ysis requires conpl ex equiprent which
is not readily expandable to handl e | arge sanple sizes.

Et hyl ene and ethane evol ution from needl e tissue
were both poor predictors of cold hardiness i n ponderosa pine,
but further research nay show et hane evol ution to be a good
indicator of the start of acclimtion and deacclination
in this species. The usefulness of this test for
assessi ng the devel opment of col d hardiness in other species
has yet to be investigated. The mmjor advantage of
such a test is that the tissue sanpled requires no
exposure to stress tenperature treatnent.
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