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Abstract. --Knowi ng the frost hardi ness of conifer
seedlings is of benefit to nursery managers and seedling
users even if the potential for actual frost danmege is
not of mmjor concern. Exanples are presented illustrating
the ability of conparative hardiness testing to reveal
variation in seedling phenol ogy brought about by genetic,
cultural, and environnental factors. Inplications for the
timng of cultural practices and lifting wi ndows are
di scussed.

I'ntroduction Anot her source of uncertainty has been

the fact that seedling physiological condition
may change between the time of testing and the

the lifting and planting time the seedlings are lifted or planted

season i s of critical inportance to the Seedling condition, of course, changes
reforestation efforts. This subject continual l'y throughout the year; this is
has received nuch enphasis in recent years, reflected in the seasonal devel opment of RGP
reflected by ongoing efforts to estinmate FH, and other seedling attributes. Wen a
seedling quality using a variety of seedling lot is tested one tine during the
physi ol ogi cal | y based tests, such as root pl anting season, the results give a "snapshot™
(RGP), stress tests, dornmancy i ndi cation of the general condition of the
(DRI), frost hardiness (FH, and seedlings on the date tested. This approach
1985). Although these tests has proven to be satisfactory for the routine
are founded upon sound th5|0|09!Ca! t heory, screening of |arge numbers of seedling |ots,
y predicting stock and for identifying lots with severe quality

probl ens. However, because of the continua

changes t hat seedlings undergo, a detailed

under st andi ng of seedling physiology can be
severe environmental stresses obtai ned only through a "notion-picture"

i n performance probl ens. approach, that is, tracking seedling
conditioning through tests conduct ed at

intervals during the lifting/planting season
This can be done with several tests, either
al one or in conmbination. Ritchie (1980) showed
how RGP changes seasonally, rising fromlow

resented at the conbi ned levels in the fall to a mdw nter peak, and
e Western Forest Nursery then falling again in spring. Frost hardi ness
and | ntermountain Nurseryman's follows a simlar pattern, and both appear to
Associ ation, Vernon, B.C, August 9-11, be related to the dormancy cycle. For the past
1988. several years, International Paper has used the
) physi ol ogi cal tracking approach for assessing
Faul coner is Research Forester, proper lifting dates for seedling lots grown at
Nursery/ Regener ation, Lebanon For est its Kellogg Nursery. Each of the nmmjor tests
Regeneration Center, International Paper Co., has been utilized in this context; this paper

will focus on the useful ness of frost hardi ness
testing as an



i ndi cator of seedling condition at various
times throughout the planting season. The
interplay of seedling genetics, nursery

cul tural Practices, and envi ronnental factors,
specifically chilling hour accunulation, will
be discussed with regard to their influence on
har di ness devel oprent, and by inplication, on
proper lifting w ndow.

Backgr ound

Reforestation is nmost successful when
seedlings are handled at the tinme of maxi mum
stress resistance. Stress resistance is an
abstract termwhich is difficult to quantify.
It includes such attributes as drought
tol erance and frost hardiness, and Is
generally considered to be linked to the
seedl i ng dormancy cycle. Wiile dormancy and
stress resistance are difficult or time
consumng attributes to quantify, it is
relatively easy to measure frost hardiness.
Al though frost hardiness testing has received
much attention in the past, interest has
usual |y been limted to assessing the
potential for frost damage to seedlings. As
part of International Paper's seedling

noni tori ng program we have adopted as a
wor ki ng hypot hesi s that, as frost hardi ness

i ncreases, overall resistance to stresses of
all kinds al so increases (Faul coner and
Thonpson, 1985). The basis for this assunption
is the fact that frost hardi ness devel ops as a
result of metabolic changes such as cessation
of active growth and physi ol ogi cal dehydration
of various seedling tissues, indicative of a

| owered state of nmetabolic activity for the
entire seedling. Additionally, years of
observations have indicated that nmaxi num
reforestation success is achieved in

m dwi nter, when frost hardiness is at its

eak, regardl ess of whether any frost damage
as occurred. Trackin% t he seasonal

devel opnent of frost hardi ness thus becones of
interest even if the potential for actua
frost damage to seedlings is not of major
concer n.

The rate at whi ch seedlings enter
dormancy and begin to devel op resistance to
stress Is controlled by three categories of
factors: the genetic background of the
seedling |ot, nursery cultural practices, and
ot her environnental influences such as
phot operi od and cool tenPeratures. If one or
nore of these factors differs between seedling
lots, the timng and rate of their hardiness
devel oprent may al so differ, resulting
ultimately in varying optimumlift dates for
the seedlings. If the
devel opnent of frost-hardiness is followed
beginning early in the fall, divergent trends
i n hardi ness devel opnent can be

identified early enough to be used as a
guide for lifting schedul es and for
assessing the storability of seedlings.

Met hods

Frost hardiness testing is begun in the
fall, as soon as hardenyn% comrences. Sanpl es
are lifted at biweekly intervals usually
be9|nn|ng on or about "Cctober 1. Each sanpl e
lot is divided into three or four sub sanples,
which are subjected to a gradient of
i ncreasi ngly severe sinul ated whol e pl ant
frosts in a programmabl e freezi ng chanber.
Tenperatures are chosen at which 20% 50% and
80% nortality is expected. After freezing,
seedlings are placed in a greenhouse for five
days to al | ow danage synptons to devel op.
Daitage to canbi um “buds, and needl es is then
eval uat ed V|suaII¥ usi ng the "browni ng"
nmet hod. For each tenperature run, percent
nortality is estinated based on the severity
of damage to the various tissues. Mrtality'is
then plotted against tenperature, and the LT-
50, or lethal tenperature for 50%of the
seedling sanple, Is interpolated fromthe
resulting line, The LT-50 is the termfrom
whi ch the hardi ness devel opment curves are
derived. For a nore detail ed description of
this and other nethods of eval uating frost
?agglgess, see Burr et al (1986) and Schuch

1987).

~As the season progresses, the frost
har di ness devel oprment curve for each lot is
plotted on a chart. This enabl es direct
conpari son of the hardening trends between
seedling lots. Hypothetical exanple curves
showi ng”typi cal divergence of hardening trends
are illustrated in figure 1. In this exanple,
on any given sanple date there is a spread of
several degrees in the LT-50s between these
lots. If atarget hardiness of, for exanple, -
15 Cis desired before lifting, then a
conpari son such as provided by figure 1
indicates a difference of sevéral weeks for
}h? opening of the lifting w ndow between

ots.

The remai nder of this paﬁer provi des
actual exanpl es of divergent hardening trends
and di scussions of the causes of divergence.
Al exanples are for coastal Ebu?Ias-f|r
rown at International Paper KelTogg Nursery.
hi s data has been collected as part of our
routine seedling nonitoring ﬁro ram conduct ed
each fall and winter. Frost hardiness .
nmonitoring ends as the seedlings are lifted
and sent to the )
field, for that reason the foll owing
har di ness devel opnent curves end during
m dwi nt er.



0 L L 1 L [ L [
-5 o -
3]
g -10- "
7]
)
=]
?., -15 - -
5
-20 = -
-25 ¥ L L4 ¥ ) T L]

OCT NOV DEC JAN FEB MAR APR

Figurel. Typical divergence of frost
hardiness development trends between
three seedling lots.

Cenetic Variation

Jenki nson (1984) discussed at length the
phenomenon of seed source |ifting wi ndow. By
plotting several years of plantation surviva
data versus |ift date, for nunerous seedling
lots fromthe USFS Hunbol dt Nursery, he
established that different seed sources have
varying safe lifting wi ndows. Because al
seedlings were fromthe sanme nursery
receiving essentially the sane cul tural
practices and exposed to the same climatic
conditions, the factor responsible for
lifting wi ndow variation was evidently seed
source genetic variation. If the nechani sm by
whi ch the genetic conponent influences lifting
wi ndow i s by determining the rate and timng
of hardi ness devel opnent during the fall, then
variation in seed source lifting w ndows
shoul d be predictable by conparative frost
har di ness testing of the various seed sources.

Figure 2 illustrates the frost hardi ness
devel opment curves for two seedling |ots at
Kel l ogg Nursery in 1987-88. Both lots were
2+0s and were subjected to identical cultura
practices and climatic conditions during both
years in the nursery (in fact, the sanmple areas
for the two lots were in adjacent beds).
Seedl i ngs from zone 072 0.5 (southern Oregon
coast) lagged dramatically in hardiness
devel opnent as conpared to those from 062 1.0
(m d- Oregon coast). On any given sanple date,
the hardiness of the 072 lot, in terns of LT-
50, was from3 to 6
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Figure 2, Comparison of frost hardiness
development for two 2+0 lots from
different seed sources (Oregon zones
072 and 062).

degrees C behind the 062 lot. In terms of
lifting schedules, a nore useful way to
interpret this data is to say that the 072
seedlings were two to three weeks behind in
har di ness devel opnent .

The tendency of seedling lots fromthe
sout hern Oregon coast to |ag behind nore
northerly or inland lots in hardiness
devel opnment has been observed repeatedly for
each year frost hardi ness tests have been
conduct ed. Jenkinson (1984) also found that the
lifting windows for provenances fromthis
general region consistently open later than for
ot her sources eval uated. For two seed sources
simlar in originto those illustrated in
Figure 3 (072 Powers and 061 Al sea), he
di scovered a spread in the opening of the
l'ifting window nearly identical to the spread
bet ween the frost hardi ness devel opnment curves
of the corresponding Kellogg lots. This
suggests that fall hardi ness devel opnent trends
and seed source lifting windows are directly
related. If so, then frost hardiness testing
woul d of fer nursery nmanagers a substantia
shortcut for establishing lifting w ndows for
various seed sources.

Nursery Cultural Practices

Nursery cultural practices can have a
great inpact on the induction of dornmancy in
seedl i ngs, and on the subsequent devel opnent
of hardiness. Practices such as the
wi t hhol di ng of nitrogen or induction of
nmoi sture stress are designed to cause the



cessation of active growh in preparation for
the fall and winter. These practices interact
with, and to an extent sometimes override, the
geneti c conponent controlling dormancy

devel opnent, potentially resulting in an

addi tional source of variability in hardening
trends between seedling lots.

The nost inportant phenol ogical effect of
cul tural manipul ation of nursery seedlings is
probably the timng of final budset, which in
nurseries can occur anytime from m dsunmer to
autum. Frost hardiness tests indicate that
har di ness devel opnent can be strongly affected
by the timng of budset. Figure 3 illustrates
the FH devel opnent curves for two seedlots
fromKellogg Nursery. In this exanple, the two
lots were sown with the sane seedl ot (zone 252
1.0) in the spring of 1986. Lot 1 was sown for
2+0 seedlings, whereas lot 2 was lifted after
the first year and transplanted for 1+1
production. The genetic background of the lots
was identical, as was nursery environment and
climte. The divergent hardening trends
between the | ots nmust therefore be due to the
variation in cultural regines for the two
stock-types. The 1+1 lot reached target height
early in the second year, and t he seedlings
were "shut down" by mid-July through noisture
stress treatnents. For the 240 lot, in
contrast, height control was achieved
partially through top-nowi ng, which though
effective, can delay final bud set. As a
result, the timng of budset differed
significantly for the two lots
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Fi gure' 3. Conparison of frost hardiness
devel opnent trends for 2+0 and 1+1
seedlings sown with the sane seedl ot
(Oregon zone 252 1.0).

Lavender and Stafford (1984)
dermonstrated the inportance of early budset in
order for seedlings to properly respond to the
cool tenperatures which condition seedlings in
the fall and early winter. They showed that a
period of mld, short days occurring after
budset was necessary for subsequent coo
weather to be fully effective in satisfying
chilling requirement. The frost hardi ness
curves for these two lots indicates that early
budset will al so hasten the subsequent
devel oprment of hardi ness. This suggests that
cold hardiness and fulfillnment of chilling
requi renent are physiologically |inked, which
was hypot hesi zed by Ritchie (1986). It would
appear then that the timng of the lifting
wi ndow is determined by the efficiency with
whi ch seedlings respond to fall and wi nter
chilling, which can be neasured by rate and
degree of frost hardiness attai nnent.

Envi ronnent al Condi ti ons

Besi des genetics and nursery cultura
practices, the third major variable affecting
seedl i ng hardi ness devel opnent is the nursery
climate, especially exposure to coo
tenperatures. As discussed above, genetics and
cultural practices interact to produce
seedlings that are either nore or |ess
predi sposed to efficiently respond to
chilling. Fromthen on, the anmount of chilling
actually received is the nost inportant
det erm nant of hardiness 'devel opnent.

Nursery clinmate varies geographically
between nurseries, and annually within a
single nursery. One commonly used nethod to
deal with this variability is to quantify the
duration of cool tenperatures experienced by
seedl i ngs. Hours during which the tenperature
is less than a specified nmninmum are defined
as chilling hours, and the accumul ated nunber
of such hours experienced by seedlings is used
as a guide for predicting seedling condition.

Al t hough use of chilling hour
accunul ation is easy, inexpensive, and
provi des an instantaneous assessnent of
seedl i ng condition (one can always know the
nurmber of hours accunul ated on any given day),
sole reliance on chilling has severa
di sadvant ages. First, as discussed earlier
seedling |l ots which have been exposed to the
sane amount of chilling may be in very
di fferent stages of hardi ness devel opnent.
Secondly, there is apparent di sagreemnent
regarding the effective tenperature range
of a chilling hour. Jenkinson (1984) defines
it as being less than 10 C, whereas Ritchie
(1986) uses tenperatures below 6 C



O her researchers have used only
tenperatures between 0 and 5Cin the belief
that very cold tenperatures retard the
physi ol ogi cal processes driven by chilling.
Finally, there is uncertainty as to the
effect of interruptions of chilling

accumul ati on by unseasonably warm

t emper at ures.

The type of uncertainty which can result

fromsole reliance on chilling hours as a
guide is illustrated in figures 4 and 5
Figure 4 represents graphically the

accunul ation of chilling hours (defined here

as hours cooler than 6 C) at Kellogg Nursery
for two consecutive years, 1985- 8E§J and
1986-87. Due to mld weather in the fall
of the second year, chilling accunul ation

| agged far behind that of the first year. The
oft-cited 300 hour mninmum requirenent before
safe lifting may commence was not reached
until md-January, about six weeks later than
the previous year. Figure 5 conpares frost
har di ness devel opnent for the two years for
zone 252 2+0 Dougl as-fir. Although devel opnent
in 1986- 87 did lag behind that of the
previous year, the delay was not nearly so
dramatic as m ght have been expected fromthe
chilling hour data. One possible explanation
is that cultural practices differed somewhat
between the two years and offset the
difference in chilling. Mire likely is that
in 1986, tenperatures slightly outside the
arbitrary range, which did not count toward
the cunmul ative total, were still effective in
stimul ati ng hardi ness devel opnent and in

satisfying chilling requirenent.
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Figure 4. Chilling hour accunul ation at Kell ogg

Nursery for 1985-86 and 1986-87.
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Figure 5. Conparison of frost hardi ness
devel oprment trends for zone 252 1.0 2+0
seedlings in 1986-86 and 1986-87.

Because of the variability between the
| arge nunbers of seedling |ots produced at
nmost nurseries, and because chilling hours are
apparently poorly defined, reliance on
chilling hour accumul ati on al one as an
i ndicator of seedling condition will likely
result in an overly generalized and potentially
i naccurate assessnent of the status of nursery
seedlings. Different species and seed sources
may have different chilling requirenents in
terms of number of needed hours, and they may
be responsive to different tenperature ranges.
Attenpting to establish guidelines which would
account for the nultitude of seed sources, and
for the variability introduced by cultura
practices, would be a monunental task. Mich
easier is to sinply neasure the seedlings
integrated response to the genetic, cultural
and climatic factors responsible for their
har di ness devel opnent.

Frost Hardi ness and Storage

The preceding sections have illustrated
how frost hardi ness testing can detect
differing rates of hardi ness devel opnment
between seedling lots. At this point it is
still uncertain what hardi ness |evel should be
attai ned before lifting, storage, and planting
may proceed safely. However, some prelimnary
wor k neasuring the effects of cold storage on
frost hardi ness has provided some cl ues.
Figure 6 illustrates a portion of a typical
har di ness devel opment curve for Douglas-fir
2+0 seedlings tested during the fall and early
w nter of 19987. On each lTift date, one
sanpl e was tested i medi ately; another



was placed in cold storage to be retested on
the next lift date. The objective was to

det erm ne whet her hardi ness continued to
develop in storage, and to conpare the
har di ness of stored seedlings with those which
remained in the nursery. For the first [ift
dat es, when seedlings were still in the early
stages of hardiness devel opnent, an apparent

| oss of hardiness occurred during storage
Later, as the hardiness of seedlings in the
nursery beds deepened, it appears that an
ability to maintain hardiness in storage

devel oped. View ng frost hardiness as an

i ndi cator of overall seedling physiologica
status, this suggests that the physiologica
stability of seedlings in storage increases as
har di ness deepens. I n this exanple, it appears
that Iifting and storage before attai nment of
an LT-50 of approximately -15 Cwll result in
a |l oss of seedling vigor.

O her observations have indicated that
storage of seedlings lifted after significant
dehardeni ng has begun also results in further
|l oss of hardiness (Ritchie 1986). It is
general |y recogni zed that the quality of
seedlings lifted either too early or too late
will decline in storage. By neasuring the
anount of hardiness lost in storage, it
shoul d be possible to quantify "too early"
and "too late" in terns of LT-50 on the lift
dat e.

In contrast to these results, Burr
(1989) found that interior Douglas-fir
continued to harden or even reversed
dehar deni ng when placed in cold storage,
regardl ess of the hardiness |evel at the
time storage commenced. However, this work
was conducted with containerized seedlings
whi ch remai ned upright and undi sturbed in
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Figure 6. Effect of cold storage on frost

har di ness devel opnent of coastal Dougl as

t he containers during the storage treatnents
The storage treatnents discussed in the

previ ous paragraph involve bare-root seedlings
whi ch have been lifted fromthe beds and
stored horizontally in tightly packed paper
bags, simlar to operational storage
practices at a bare root nursery. The
contrast in effect on frost hardiness

devel opnent between the two differing storage
treatments suggests that the shock associ ated
with bare root |ifting and storage prevents
or retards further physiol ogical changes
during storage which would result in
continued hardi ness devel opment. The fact

that undi sturbed seedlin?s whi ch are pl aced
in storage are capable of further )
physi ol ogi cal devel opment serves t o enphasi ze

the inportance of minimzing the stresses
associated with bare root |ifting, and to
conduct the |ifting when resistance to stress
is at its peak.

Concl usi on

The foregoing observations regarding the
val ue of frost hardiness testing as an
i ndi cator of seedling condition have resulted
from several years of International Paper's
operational seedling nmonitoring program More
formal research is needed to confirmthe
hypot heses presented in this paper and to
further investigate the relationship of frost
hardi ness to other physiological attributes
of nursery seedlings. Specifically, the
correlation between frost hardi ness and
overal |l stress resistance should be nore
firmy established, and nore information is
needed regarding the effects of storage on
frost hardiness. In the neantime, however,
there is little doubt that conparative frost
hardi ness testing can reveal significant
di fferences between t he phenol ogi cal cycles
of different seedling lots, with inportant
inplications for the timng of cultural
practices and |ifting operations.
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