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Introduction
Cold damage is one of the principal reasons that millions of
seedlings are rejected each year in northern forest nurseries
(Colombo 1997). In Québec, containerized seedlings are
grown under unheated polyethylene tunnels during their first
growing season. The tunnel is removed in October and a
thick layer of natural snow covers the seedlings during the
winter. During the second growing season and subsequent
winter, the containerized seedlings are left uncovered and
exposed to natural environmental conditions (Margolis
1987). Annual rejection rates due to frost damage can range
from 5% to 30% (Lamhamedi et al. 2005). Irrigation is the
most common method of protecting containerized seedlings
from damage when air temperatures approach and drop
below 0ºC before the seedlings are fully hardened (Rose and
Haase 1996). The formation of ice around the shoot tissue lib-
erates heat, thus ensuring that the tissue does not freeze. Irri-
gation must be continued until the risk of frost has passed.
This abundant application of water saturates the substrate.

An operational method for estimating cold tolerance thresholds
of white spruce seedlings in forest nurseries

by Sylvie Carles1,2, Mohammed S. Lamhamedi3, Debra C. Stowe1, Linda Veilleux3 and Hank A. Margolis1

ABSTRACT 
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this study, two-year-old white spruce containerized seedlings were subjected to artificial freezing tests. The progression of
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associated with easily identifiable specific DM/FM and HDD values for nursery × species × seed source combinations. 
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RÉSUMÉ 
Les dommages causés par le gel sont à l’origine du rejet annuel de millions de semis dans les pépinières forestières nor-
diques. Les pépiniéristes ont besoin d’une procédure pour estimer le degré d’endurcissement à un moment précis pour
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soumis à des tests de gels artificiels. L’évolution du MS/MF en automne a été déterminée et le temps thermique a été quan-
tifié en calculant des degrés jours d’endurcissement (DJE) basés sur la température de l’air et une température seuil spéci-
fique à l’épinette blanche. Les résultats établissent que les seuils de tolérance au gel sont associés à des valeurs de MS/MF
et de DJE facilement identifiables et spécifiques à chaque combinaison « pépinière × essence × provenance ».
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Unfortunately, seedlings are unable to use the majority of this
water because physiological processes slow down in the fall,
thus reducing water uptake and transpiration. The surplus
water, along with any dissolved solutes it contains, may leach
from the growing medium into the groundwater system
(Lamhamedi et al. 2001, Stowe et al. 2010). If the cold hardi-
ness level was known, the need for irrigation during harden-
ing could be reduced and optimized.

In most of Canada, cold hardiness of conifer seedlings is
operationally determined using the freeze-induced electrolyte
leakage technique (Colombo 1997, Colombo et al. 2001).
This technique quantifies cell membrane damage by measur-
ing the increase in electrical conductivity of a bathing solu-
tion after artificial freezing of plant tissue (Colombo et al.
1984). The main disadvantages of this approach are that the
tests take several days to carry out and expensive equipment
is required (Colombo et al. 2001). When freezing tempera-
tures are forecast, nursery managers need to be able to esti-
mate the level of seedling cold hardiness immediately. They
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do not have time to conduct a freezing test, so a model that
would permit the prediction of cold hardiness levels non-
destructively would be very useful. Shoot cold hardening con-
sists of two stages. The first stage is induced by a shortening
of the photoperiod (Silim and Lavender 1994, Grossnickle
2000) and is concomitant with the cessation of seedling
height growth. After this first stage, cold hardiness progres-
sively increases in response to low temperatures (Grossnickle
2000, Silim and Lavender 1994). Thus, photoperiod length
and temperature are relevant variables for a model estimating
level of seedling cold hardiness. In Québec nurseries, white
spruce (Picea glauca [Moench] Voss) bare-root seedlings are
considered ready for cold storage if the chilling sum, calcu-
lated by cumulating the number of hours when temperatures
are less than 5°C, has reached a sum of 200 hours (Lambany
1994, Lamhamedi et al. 2005). According to Mullin and
Parker (1976), white spruce bare-root seedlings are ready for
cold storage if a minimum of 200 degree hardening days
(DHD) have accumulated. In this last study, DHD were based
on soil temperature and calculated by summing the degrees
below a threshold value of 10°C. The chilling sum and DHD
provide no information on the minimum freezing tempera-
ture that the seedlings can support once they have accumu-
lated 200 DHD or 200h at  5°C. Before adapting the use of
these variables to containerized stock, the level of frost toler-
ance must be known to make an informed irrigation decision
when autumnal frost is forecast. Furthermore, estimation of
chilling sum is based on a threshold air temperature value
equal to 5°C (Lambany 1994). Mullin and Parker (1976)
based their DHD on a threshold soil temperature value equal
to 10°C. According to Greer et al. (2001), the threshold tem-
perature above which no cold hardiness development in
white spruce occurs is 14.5°C. Which of these three values
should be used for a model that would permit prediction of
seedling cold hardiness levels?

Even if the environmental variables could adequately
describe the environmental cues received by the seedlings,
they would not give information on the actual physiological
state of the seedlings, which may also be affected by cultural
practices or seed source/provenance (Colombo et al. 2001).
The ratio of dry mass to fresh mass (DM/FM) of the upper
4 cm of the terminal shoot of conifer seedlings could be a
complementary criterion linked to a seedling’s physiological
state. Previous studies established that the apical dry mass
ratio of white spruce seedlings increases during the fall
(Grossnickle 1989, Calmé et al. 1993) and under controlled
growing conditions is significantly and positively correlated
with cold tolerance (Calmé et al. 1993). Moreover, this rela-
tionship appears to be independent of fertilization, irriga-
tion, photoperiod or species (Calmé et al. 1993, 1995).
Calmé et al. (1993) determined that white spruce seedlings
with DM/FM of less than 30% will probably not survive
temperatures below -10°C. This threshold value is close to
the value used by Swedish nursery managers to estimate the
capacity of coniferous seedlings to survive cold storage
(Hultén and Lindell 1980). However, little information is
available for the progression of DM/FM beyond this thresh-
old value or for tolerance levels associated with DM/FM
greater than 30% (Calmé et al. 1993). Nursery managers are
keenly interested in the lowest temperature at which no
damage occurs as opposed to a temperature inferred from a
threshold damage value that is lethal for the seedlings (e.g.,

lethal temperature, LT50) (Calmé et al. 1993). The use of
thresholds based on these temperatures, which, by defini-
tion, will cause irreversible lethal damage, can negatively
affect the profitability and sustainability of nurseries. There-
fore, more information is needed to clarify the relationship
between DM/FM and the cold tolerance of white spruce
seedlings hardened under natural photoperiods and tem-
peratures in forest nurseries.

The present study of two-year-old white spruce container-
ized seedlings hardened under natural photoperiodic and
temperature conditions in a forest nursery had the following
objectives: 1) to characterize the progression of apical
DM/FM during the fall, 2) to specify the relationship between
DM/FM and cold tolerance of shoots and roots, 3) to identify
environmental values that should be used to estimate levels of
seedling cold hardiness that result in no damage to seedling
tissue and 4) to suggest a new operational method for esti-
mating cold tolerance thresholds of white spruce seedlings in
forest nurseries.

Materials and Methods 
Seedling material
The seedling production methodology is described in detail
by Stowe et al. (2010). Briefly, seeds from a first-generation
white spruce seed orchard located in Wendover arboretum
(45°59�N, 72°30�W), 80 km east of Montréal, Québec,
Canada, were sown in IPL 25-350A air-slit containers (25 cav-
ities per container, 350 cm3 per cavity; IPL®, Saint-Damien,
Qc) and seedlings were subjected to standard cultural prac-
tices during two years of growth under an unheated, polyeth-
ylene tunnel at Pampev Inc., a private forest nursery located
in Saint-Louis-de-Blandford, Québec (46°25�N, 72°00�W)
(Margolis 1987, Stowe et al. 2010). As is customary, the tun-
nel was left uncovered between October 2001 and April 2002
and a thick layer of natural snow covered the seedlings during
the winter. On April 30, 2002, at the beginning of the
seedlings’ second growing season, the tunnel cover was rein-
stalled so that water inputs could be controlled for a compan-
ion study (Carles et al. 2008, Stowe et al. 2010). A completely
randomized block experiment, consisting of four replications
(blocks), was installed along the length of one side of the tun-
nel. Each block contained 84 containers with a buffer zone of
28 containers between adjacent blocks.

Bud set of 300 seedlings (three containers of 25 seedlings
per block) was monitored on a weekly basis, beginning on
August 1, 2002. Bud set was expressed as the percentage of the
25 seedlings per container which had initiated buds. The
seedlings were considered to have initiated buds once the
exterior scales on the terminal bud were pale yellow in color
(Bigras and D’Aoust 1993). Every two weeks during the hard-
ening period (August 1 through October 28, 2002), the dry
mass ratio [dry mass/fresh mass – DM/FM (%)] of the upper-
most 4 cm of the terminal shoot was measured on 60
seedlings (15 seedlings/block). The 15 seedlings per block
were randomly selected from three randomly selected con-
tainers in each block (five seedlings per container; three con-
tainers per block). Different containers were sampled on each
date. Apical fresh mass (FM) was measured on the day of the
sampling for each seedling. Apical dry mass (DM) was deter-
mined after drying the tissue for 48 hours at 60°C. The apical
dry mass ratio (DM/FM) was calculated for each seedling by
dividing the apical dry mass by the apical fresh mass.
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Once all of the seedlings had formed buds (mid-Septem-
ber 2002), the average height, diameter and dry mass of the
seedlings (n = 90) were 33.62 cm (±0.47), 6.55 mm (±0.05)
and 7.40 g (±0.13), respectively. Foliar nutrient concentra-
tions, determined concurrently using standardized laboratory
procedures (Stowe et al. 2010), were 2.42% (±0.02), 0.28%
(±0.002), 0.69% (±0.004), 0.32% (±0.002) and 0.19% (±0.007)
for nitrogen, phosphorus, potassium, calcium and magne-
sium, respectively. The nutrient concentrations were in the
recommended range for containerized white spruce seedlings
(Veilleux et al. 2012), demonstrating that the seedlings were
healthy and met the morphological criteria for the growing
region.

Environmental conditions 
Natural photoperiod length was evaluated in hours and
deduced from times of sunrise and sunset at the nursery
coordinates (46°25�N, 72°00�W).

Air temperature 2 m above ground and temperatures at
the substrate surface and within the rhizosphere were contin-
uously recorded at 15-minute intervals between July and
October 2002 using a datalogger (model CR10X, Campbell
Scientific (Canada) Corp., Edmonton, AB). Three individual
sensors were used to measure air temperature above ground,
temperature at the substrate level and temperature within the
rhizosphere. The air temperature was measured by a sensor
fixed to the tunnel structure at the mid-point of the tunnel
length. The other two temperature sensors were placed just
above the substrate level and at a depth of 5 cm inside a cav-
ity in the center of a container in the middle of the seedling
bed, equidistant from both sides of the tunnel and from both
tunnel extremities. Air temperature dropped below freezing
for the first time during the night of October 6 (minimum =
-1.1°C). The lowest air temperature during the experimental
period was recorded on the morning of October 15 (-7°C).
On the same morning, temperatures at the substrate surface
and in the rhizosphere were -4.6°C and 2.2°C, respectively.

Thermal time
Thermal time is a way of quantifying the cumulative effect of
the temperatures experienced by the seedlings. Three meth-
ods were used to estimate this variable: two that are currently
used in forest nurseries (chilling sum and DHD), and a third
one specific to this study (hardening degree days; HDD).
Chilling sum (hours) was calculated by summing the num-
bers of hours when the temperature measured 2m above the
seedling bed was under 5°C (Lambany 1994). DHD were cal-
culated following the method described by Mullin and Parker
(1976). DHD were based on the minimum daily rhizosphere
temperature and calculated by summing the degrees below a
threshold value equal to 10°C.

Thermal time was also quantified by the hardening degree
days (HDD – °C). HDD were based on the minimum daily
temperature measured 2 m above the seedling bed and calcu-
lated by summing the degrees below a threshold value of
14.5°C, which is the threshold temperature above which no
cold hardiness development in white spruce occurs, accord-
ing to Greer et al. (2001). For a given day, the number of accu-
mulated HDD was equal to 0 if the minimum daily tempera-
ture was superior to 14.5°C; otherwise it was equal to the
number of degrees between 14.5°C and the minimum daily
temperature.

Accumulations of chilling sum, DHD and HDD are
shown in Fig. 1.

Artificial freezing treatments 
Tests were conducted during the hardening period (Septem-
ber and October 2002) to determine seedling cold tolerance
in fall. When the first freezing treatment was applied, all
seedlings had formed buds and were therefore assumed to be
at the same phenological stage. These tests are described in
detail in Carles et al. (2008). Briefly, using a programmable
freezer and a protocol similar to that of Zhu et al. (2002), arti-
ficial freezing treatments were applied to intact seedlings
(with root plugs) immediately following harvest on Septem-
ber 16, September 30, October 14 and October 28, 2002. Sixty
seedlings per block (240 in total) were harvested on each
sampling date and divided into five groups of 12 seedlings
(Fig. 2.). Each group of 12 seedlings was subjected to one of
five temperatures: t0 = +4°C, t1 = -4°C, t2 = -8°C, t3 = -12°C
and t4 = -20°C. The temperature was decreased at a rate of
2°C/hour (Levitt 1980). Once the target air temperature
around the shoot tissue was attained, it was maintained con-
stant for one hour. To simulate nursery conditions where
roots are insulated by the substrate, seedlings were removed
from the containers but the root plugs were left intact around
the root system throughout the freezing tests. Moreover, since
saturating container substrate in the fall to prevent plant loss
from root freezing is common practice in Québec forest nurs-
eries, the containers of plants were immersed in water for two
hours prior to each freezing test. Consequently, as is the case

Fig. 1. Progression of thermal time (°C) and chilling sum (hours)
during the second growing season (2002) of containerized white
spruce seedlings. Chilling sum was calculated in hours by sum-
ming the numbers of hours where the temperature measured 2
m above the seedling was less than 5°C. Thermal time was
quantified by summing the hardening degree days (HDD) and the
degree hardening days (DHD). HDD were based on the daily mini-
mum value of the temperature measured 2 m above the
seedlings and calculated by daily summing the degrees below a
threshold value equal to 14.5°C. DHD were based on the daily
minimum value of the rhizosphere temperature and calculated by
summing the degrees below a threshold value equal to 10°C.
Arrows indicate the dates of artificial freezing treatments.
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in natural conditions, rhizosphere temperatures were always
several degrees higher than air temperature around shoot tis-
sue. During the freezing treatments, rhizosphere tempera-
tures were +4°C (control), -1°C, -4°C, -8°C and -18°C.

Apical damage index (It)
The electrical conductivity was evaluated according to the
procedure described by Colombo et al. (1984). After the
freezing tests were completed, the apices of six seedlings/
block/temperature were immersed overnight (18 hours) in
100 ml of demineralized water at +4°C. The following morn-
ing, the Erlenmeyer flasks were shaken vigorously by hand
(10 seconds) and the electrical conductivity of this solution
(EC1) was measured immediately using a conductivity meter
(model 160; Orion Research, Boston, MA). The samples were
then placed in an autoclave for 15 minutes at 121°C to destroy
the cell membranes and maximize electrolyte leakage. After
autoclaving, the solution was left to stabilize overnight (18
hours) at 4°C. The following morning, the solution was vigor-
ously shaken before its electrical conductivity was remea-
sured (EC2). The relative electrical conductivity (RC) was cal-
culated using the following formula: 

[1] RC =
EC1 × 100
EC2

Cold hardiness to a given temperature (t) was expressed
using an index of injury (It) calculated on a percentage basis
(Flint et al. 1967): 

[2] It =
RCfrozen(t) - RCcontrol

1 - (RCcontrol/100)

where It indicates the amount of injury as a function of
freeze severity. A high It signifies a low level of cold tolerance
(Flint et al. 1967).

Root water loss (RWL)
Cold damage to root tissue was evaluated by calculating the
percentage of water lost from the root systems (RWL) of six

seedlings/block/temperature (Fig. 2.).
Following the procedure described by
Ritchie (1990) and adapted for two-year-
old white spruce seedlings by Coursolle et
al. (2000), RWL was evaluated as the dif-
ference in weight of the saturated tissues
before and after being sealed in a pressure
chamber (model 600, PMS Instrument
Co., Corvallis, OR) for 10 minutes at 1.5
MPa, during which time root water was
expressed through the cut stem protrud-
ing from the chamber.

Initiation of new roots (Rw/Rt) and
shoot damage (Nd/Nt)
Once the artificial freezing tests had been
completed, six seedlings/block/tempera-
ture were repotted into three-litre plastic
pots filled with a moist peat:vermiculite
(3:1) mixture and subsequently placed
under optimal greenhouse conditions for

21 days (photoperiod = 14 hours; T°C day: night = 25°C: 18°C
±3°C). High pressure sodium (HPS) lamps (400 W, P.L. 780,
P.L. lighting systems) were used to extend the photoperiod to
14 hours/day. Seedlings were watered regularly, but were not
fertilized.

Twenty-one days after repotting, the substrate was gently
washed from the seedlings’ root systems. All fine white roots
(≥1 cm long) that had developed during the growth test were
removed, dried, and weighed. Older, lignified roots, formed
prior repotting, were also dried and weighed. The initiation of
new roots was quantified, for each growth test, by the ratio of
new white root mass (Rw) to total seedling root mass (Rt),
(Rw/Rt).

Dead foliage that had fallen off the branches during the
growth test was also collected. At the end of the 21-day
period, shoot damage resulting from the freezing treatments
was quantified by calculating the ratio of dead needle dry
mass (Nd) to total needle dry mass (Nt), (Nd/Nt).

Statistical analyses 
A strip-strip plot design was used for this experiment
(Bernier-Cardou and Bigras 2001). The main plots consisted
of the four sampling dates (experimental unit = 60
seedlings/block), while the subplots were associated with the
five artificial freezing temperatures (experimental unit = 12
seedlings).

Polynomial contrasts were used to characterize the effect
of date on bud set.

Correlations between DM/FM and date (expressed in
Julian Day), chilling sum, HDD and DHD were computed
using the CORR procedure (SAS Institute Inc., Cary, NC).

DM/FM was regressed against natural photoperiod
length, expressed in hours, by linear regression with the REG
procedure (SAS Institute Inc., Cary, NC).

The relationship between DM/FM and HDD was modeled
using a hyperbola with the general expression: 

[3] F (x) =
a + bx
c + x

Fig. 2. Number of white spruce seedlings used to quantify root and shoot cold damage
following artificial freezing treatments conducted at four sampling dates.
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where F(x) is DM/FM observed after the accumulation of x
HDD, a is the DM/FM value before the accumulation of any
HDD, b is the increase in DM/FM from its value at the begin-
ning (a) and its maximum possible value (a + b), and c in the
number of HDD when half of the maximum increase in
DM/FM (b/2) is reached. This hyperbola was fit to the data
using PROC NLIN (SAS Institute Inc., Cary, NC).

Damage assessment variables following artificial freezing
treatment were analyzed using PROC MIXED (SAS Institute
Inc., Cary, NC.) (Littell et al. 1996, Bernier-Cardou and Bigras
2001). Date, temperature, and their interactions were consid-
ered to be fixed effects, whereas the effects of blocks and their
interactions were considered to be random. Simple effects
were considered significant at a threshold of 5% and double
interactions at a threshold of 1%. If a date x temperature inter-
action proved to be significant, an analysis by date was con-
ducted to better characterize the interaction and to clarify the
progression of seedling hardening with respect to freezing
temperatures (Milliken and Johnson 1984). For each date, an
F-test was used to determine if at least one difference existed
among the five temperatures. If the test was found to be sig-
nificant, a Student’s t-test was conducted to compare the tem-
peratures two by two (SLICE and PDIFF options of the
LSMEANS statement of PROC MIXED) (Littell et al. 1996).

Finally, correlations between DM/FM, chilling sum, HDD,
DHD and It, RWL, Nd/Nt, and Rw/Rt were computed using
the CORR procedure, by considering an average value of
DM/FM by date and each freezing temperature separately.

Cold tolerance thresholds
Cold tolerance thresholds were determined from the damage
assessment variables (It, RWL, Nd/Nt, and Rw/Rt). A cold tol-
erance threshold indicates the minimum freezing tempera-
ture that a seedling is able to tolerate without sustaining mor-
phophysiological damage (Lamhamedi et al. 2005).
Consequently, for a given date, the threshold value was the
lowest freezing temperature at which damage not signifi-
cantly different from the value measured for the control
seedlings was observed. The rate of acquisition of cold toler-
ance can be used to generate the daily progression of cold tol-
erance thresholds. These rates are calculated from the slope of
the mathematical linear model linking the cold tolerance lev-
els on two consecutive sampling dates (Lamhamedi et al.
2005).

Results
Progression of bud set and apical dry mass ratio 
Bud set exhibited a quadratic progression over time (P <
0.0001), with the most rapid bud set occurring at the begin-
ning of the observation period (Fig. 3a).

DM/FM increased from 22.5% on August 1 to 38.9% on
October 28. This increase with time was linear as exhibited
by significant strong negative correlation with the natural
photoperiod length (r  =  -0.92, P < 0.0001). The linear
regression modeling the progression of DM/FM as a func-
tion of the photoperiod length was highly significant
(P<0.0001) and explained 84.6% of the variation observed
for DM/FM (Fig. 3a).

DM/FM was significantly and positively correlated with
chilling sum (r = 0.57, P < 0.0001), HDD (r = 0.94, P < 0.0001),
and DHD (r = 0.72, P < 0.0001).

Because of its strongest correlation with DM/FM, HDD,
based on the minimum daily temperature measured 2 m
above the seedling bed and calculated by summing the
degrees below a threshold value equals to 14.5°C, was used in
the hyperbola model to show the relationship between
DM/FM and HDD (P < 0.0001) (Fig. 3b).

Hardening of seedlings 
Hardening of shoots 
It was significantly affected by freezing temperature and sam-
pling date (P < 0.0001) (Table 1). No significant difference
was observed in It between the control temperature (+4°C)
and the -4°C freezing temperature (Table 2). On the first sam-
pling date, It of control samples (+4°C) differed significantly
from those exposed to -8°C and colder. On the second and
third sampling dates, only seedlings subjected to the -12°C
and -20°C treatments had It values significantly different
from those of the control treatment (Table 2). There were no
significant differences among It values at the last sampling

Fig. 3. Progression of apical dry mass ratio (DM/FM) and bud set
of two-year-old white spruce seedlings as a function of (a) natural
photoperiod length or (b) hardening degree days (HDD). For
DM/FM, each point represents one seedling (n = 60). For bud
set, each point represents one container of 25 seedlings (n =
12). The vertical dotted lines on both figures mark the point of
100% bud set.



July/August 2012, Vol. 88, No. 4 — the Forestry ChroNiCle 453

date only. Similarly, Nd/Nt diminished with each successive
growth test as seedling hardening intensified (Table 2).

Hardening of roots 
RWL was significantly affected by temperature and sampling
date (P < 0.0001) (Table 1). For the first two sampling dates,
only seedlings subjected to the lowest temperature (-18oC)
exhibited RWL values significantly greater than those of the
control temperature (+4°C) (Table 2). By the third sampling
date (October 14), there was no longer a significant difference
among temperature treatments (Table 2).

Rw/Rt was also influenced by temperature and sampling
date (Table 1). On the first sampling date, Rw/Rt diminished
significantly with temperature, beginning at -4°C (Table 2).
On the second and third sampling dates, the ratio decreased
significantly for temperature of -8°C and below (Table 2). No
new white roots were formed following the -18°C freezing
treatment, regardless of the degree of hardening.

Correlations between hardening levels and DM/FM, chilling
sum, HDD and DHD 
Correlations were estimated by considering an average value
of DM/FM by date and each freezing temperature separately
(Tables 3 and 4). Correlations between DM/FM, chilling sum,
HDD and DHD and shoot cold damage assessment variables
(It, Nd/Nt) are reported in Table 3, while correlations with
root cold damage assessment variables (RWL and Rw/Rt) are
reported in Table 4.

It and Nd/Nt following freezing treatment at -8°C, -12°C
and -20°C were significantly and negatively correlated with
DM/FM, chilling sum, HDD and DHD (Table 3). The corre-
lation coefficients increased with decreases in temperature.
When considering the freezing temperatures t2 (-8°C) or t3
(-12°C), either for It or Nd/Nt, the strongest correlations were
observed with DM/FM and HDD (Table 3). By contrast,
when considering the freezing temperature t4 (-20°C) and the
variable It, the strongest correlations were observed with
chilling sum and DHD.

Increasing DM/FM, chilling sum, HDD or DHD were also
correlated with decreasing damage to the roots (Table 4).

However, correlations with root damage variables were gener-
ally less than those for shoot damage variables. It is worth not-
ing that significant negative correlations were also found
between RWL and Rw/Rt of the control seedlings and
DM/FM or HDD.

Cold tolerance thresholds and forecasting frost risk 
The significant date × temperature interaction (Table 1) for all
cold damage variables (It, Nd/Nt, RWL, Rw/Rt) illustrates a
progressive increase in hardening between September 16 and
October 28, 2002. The suggested cold tolerance thresholds
(Fig. 4) are conservative and have been established at temper-
atures that are most likely above those that would result in
damage to seedling tissues; the actual threshold being some-
where in the range between the temperature of the suggested
threshold value and that of the next-lowest temperature at
which seedlings were tested. The rate of acquisition of cold
tolerance was derived from the slope of the linear function

Table 2. Means of cold damage assessment variables of
shoots and roots of white spruce seedlings following artificial
freezing treatments at five temperatures (t0, t1, t2, t3 and t4)
on four different sampling dates (September 16 and 30, Octo-
ber 14 and 28, 2002) at the end of their second growing
season (n = 24 seedlings; except for Nd/Nt where n = 12)

Sampling dates

Sept. 16 Sept. 30 Oct. 14 Oct. 28

Shoots
It 

t0 0 a 0 a 0 a 0 a
t1 -0.32 a 0.17 a -0.08 a -0.05 a
t2 3.46 b 1.07 a 1.64 ab -0.05 a
t3 7.91 c 5.29 b 3.29 b -0.10 a
t4 11.41 d 14.75 c 8.47 c 0.15 a

Nd/Nt (%)
t0 18.4 a 20.8 a 18.4 a 10.9 a
t1 20.7 a 19.2 a 17.3 a 11.0 a
t2 52.8 b 20.5 a 16.2 a 11.0 a
t3 81.2 c 36.1 b 21.3 a 11.2 a
t4 100.0 d 97.9 c 60.6 b 21.7 a

Roots
RWL (%)

t0 5.8 a 4.9 a 4.9 a 4.2 a
t1 5.6 a 4.9 a 5.3 a 4.1 a
t2 7.3 a 5.4 a 5.6 a 4.4 a
t3 6.3 a 5.1 a 5.5 a 4.7 a
t4 10.8 b 9.7 b 6.8 a 5.1 a

Rw/Rt (%)
t0 3.44 a 2.84 a 2.18 a 2.24 a
t1 2.74 a 2.35 a 1.97 a 1.95 a
t2 0.97 b 2.03 a 1.84 a 1.91 a
t3 0.37 c 0.89 b 0.98 b 1.44 a
t4 0 c 0 c 0 c 0.07 b

It, apical damage index; Nd/Nt, ratio of dead needle dry mass (Nd) to total needle dry
mass (Nt) after 21 days of growth; RWL, root water loss; Rw/Rt, ratio of new white root
dry mass (Rw) to total root dry mass (Rt) after 21 days of growth; t0 = +4°C for the
shoots and the roots; t1 = -4°C for the shoots and -1°C for the roots; t2 = -8°C for the
shoots and -4°C for the roots; t3 = -12°C for the shoots and -8°C for the roots; t4 = -
20°C for the shoots and -18°C for the roots. 
For a given variable and a given date, two means with a different letter are significantly
different

Table 1. Observed probabilities for fixed effects (P > F) associ-
ated with the analysis of variance of cold damage assessment
variables following artificial freezing treatments of white
spruce seedlings at five temperatures (+4°C, –4°C, –8°C, 
–12°C and –20°C for shoots and +4°C, –1°C, –4°C, –8°C
and –18°C for roots) on four different dates (September 16
and 30, October 14 and 28, 2002) at the end of their sec-
ond growing season

Shoots Roots

Source of variation It Nd/Nt RWL Rw/Rt

Date <.0001 <.0001 0.0015 ns
Temperature <.0001 <.0001 <.0001 <.0001
Date × Temperature <.0001 <.0001 0.0025 0.0003

It, apical damage index; Nd/Nt, ratio of dead needle dry mass (Nd) to total needle dry
mass (Nt) after 21 days of growth; RWL, root water loss; Rw/Rt, ratio of new white root
dry mass (Rw) to total root dry mass (Rt) after 21 days of growth; ns, non significant.
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between cold tolerance levels on two successive sampling
dates (Fig. 4) and can be used to estimate daily cold tolerance
levels for shoot and root tissues of two-year-old white spruce
seedlings by linear interpolation.

Discussion
This study was carried out to determine a rapid, non-destruc-
tive method of estimating the level of cold hardiness reached
by white spruce when a frost event is forecast before the
seedlings are fully hardened. This would permit nursery
managers to optimize the use of irrigation as a method of pro-
tecting seedlings from cold damage. Two variables had been
identified as strongly and significantly correlated with
seedling cold hardiness: the dry mass ratio [dry mass/fresh
mass – DM/FM (%)] of the uppermost 4 cm of the terminal
shoot and the hardening degree days (HDD – °C), based on
the minimum daily temperature measured 2 m above the
seedling bed and calculated by summing the degrees below a
threshold value of 14.5°C. These two variables can be used
operationally to develop cold tolerance thresholds specific to
white spruce seedlings.

In the present study, three variables were used to estimate
the thermal time: two are currently being used in forest nurs-
eries (chilling sum and degree hardening days – DHD), and a

Table 4. Pearson correlation coefficients between root cold
damage assessment variables observed for two-year-old white
spruce seedlings after artificial freezing treatments and apical
dry mass ratio (DM/FM), chilling sum, hardening degree days
(HDD) and degree hardening day (DHD) measured on the
same four sampling dates (16 and 30 September, 14 and 28
October 2002). Correlations were estimated by considering
each freezing temperature separately (n=48).

Temperature t0 t1 t2 t3 t4

DM/FM (%)
RWL -0.40** -0.32* -0.40** -0.30* -0.68***
Rw/Rt -0.33* ns ns 0.41** 0.49***

Chilling sum
RWL -0.35* -0.36* -0.35* ns -0.58***
Rw/Rt ns ns ns 0.36* 0.60***

HDD
RWL -0.40** -0.34* -0.41** -0.31* -0.67***
Rw/Rt -0.31* ns ns 0.41** 0.52***

DHD
RWL -0.36* -0.35* -0.37** ns -0.62***
Rw/Rt ns ns ns 0.38** 0.58***

DM/FM, apical dry mass ratio; t0 = +4°C; t1 = -1°C; t2 = -4°C; t3 = -8°C; t4 = -18°C.  
Readers are referred to the text for the detail of the calculations of HDD, DHD or
chilling sum. 
RWL, root water loss; Rw/Rt, ratio of new white root dry mass (Rw) to total root dry
mass (Rt) after 21days of growth.
ns, non significant; * P < 0.05; ** P < 0.01; *** P < 0.001

Table 3. Pearson correlation coefficients between shoot cold
damage assessment variables observed for two-year-old white
spruce seedlings after artificial freezing treatments and apical
dry mass ratio (DM/FM), chilling sum, hardening degree days
(HDD) and degree hardening day (DHD) measured on the
same four sampling dates (16 and 30 September, 14 and 28
October 2002). Correlations were estimated by considering
each freezing temperature separately (n = 48).

Temperature t0 t1 t2 t3 t4

DM/FM (%)
It n/a ns -0.42** - 0.65*** -0.66***
Nd/Nt -0.33* -0.53*** -0.62*** -0.77*** -0.83***

Chilling sum
It n/a ns -0.38** - 0.59*** -0.70***
Nd/Nt -0.40** -0.54*** -0.44** -0.56*** -0.79***

HDD
It n/a ns -0.43** - 0.66*** -0.67***
Nd/Nt -0.35* -0.54*** -0.61*** -0.76*** -0.83***

DHD
It n/a ns -0.39** - 0.62*** -0.70***
Nd/Nt -0.39** -0.54*** -0.48*** -0.62*** -0.82***

DM/FM, apical dry mass ratio; t0 = +4°C; t1 = -4°C; t2 = -8°C; t3 = -12°C; t4 = -20°C.
Readers are referred to the Fig. 1. caption for the detail of the calculations of HDD,
DHD or chilling sum. 
It, apical damage index; Nd/Nt, ratio of dead needle dry mass (Nd) to total needle dry

mass (Nt) after 21 days of growth.
n/a, not applicable; ns, non significant; * P < 0.05; ** P < 0.01; *** P < 0.001 Fig. 4. Progression of cold tolerance thresholds for: a) shoots

and b) roots of two-year-old white spruce seedlings. The arrows
indicate the rate of acquisition of cold tolerance derived from the
slopes (°C/day) between cold tolerance thresholds on two con-
secutive sampling dates. The number of HDD was based on the
minimum temperature of the day measured 2 m above the
seedlings and calculated by daily summing the degrees below a
threshold value equal to 14.5°C.
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third one is specific to this study (hardening degree days)
(Fig. 1). However, nursery managers do not use chilling sum
or degree hardening days to estimate seedling cold hardiness
levels, but rather to estimate the readiness of bare-root
seedling for cold storage. In Québec nurseries, bare-root
white spruce seedlings are considered ready for cold storage if
the chilling sum has reached a minimum value of 200 hours
(Lambany 1994) or, as in Swedish nurseries, when DM/FM
has reached a value equal to or above 30% (Hultén and Lin-
dell 1980). In the present study a chilling sum of 200 hours
was reached between the October 14 and 28. By October 21,
DM/FM had been above 30% for at least five weeks. Accord-
ing to our results, a DM/FM of 32% was associated with a
shoot cold tolerance level of -4°C while a chilling sum of 200
hours was associated with a shoot cold tolerance level of 
-14°C. This means that these two threshold values are defini-
tively neither equivalent nor interchangeable. According to
Mullin and Parker (1976), bare-root white spruce seedlings
are ready for cold storage after a minimum accumulation of
200 degree hardening days (DHD). By October 28, our last
sampling date, only 155 DHD had been accumulated. At this
time, roots of the containerized seedlings were able to with-
stand a temperature of -8oC without any damage (Table 2).
There is a greater and more rapid decrease in rhizosphere
temperature of containerized seedlings compared to that of
bare-root seedlings because the container cavities are above
the soil surface, surrounded by cold air, and have a small ther-
mal mass due to their limited volume (Colombo et al. 2001).
Consequently, DHD are likely accumulated more rapidly for
containerized seedlings, permitting a more rapid and deeper
hardening, given that root hardening is temperature-depend-
ent (Bigras et al. 2001). This implies that a given DHD value,
and its associated level of hardiness, will be reached later in
the fall by bare-root seedlings in comparison to containerized
stock. With respect to the above-ground portion of the
seedlings, differences between thermal properties of the rhi-
zosphere of bare-root vs. containerized seedlings imply that
for the same air temperatures, rhizosphere temperatures of
the bare-root seedlings will stay warmer than those of the
containerized seedlings. The second phase of shoot harden-
ing is temperature-dependent (Bigras et al. 2001), so if bare-
root and container seedlings produced in the same nursery
are compared at a similar DHD value, the shoots of the con-
tainerized seedlings will be more hardened than those of the
bare-root seedlings. All this leads us to believe that the thresh-
old value recommended by Mullin and Parker (1976) is con-
servative when applied to containerized seedlings. Among
the three variables used to estimate the thermal time in this
study, the hardening degree days (HDD) were the most
strongly correlated with shoot and root cold damage assess-
ment variables (Tables 3 and 4). HDD also offers the addi-
tional advantage of starting to increase early in the season, so
that non-zero threshold values can be associated with distinct
cold tolerance thresholds (Fig. 4). HDD, as estimated in the
present study, could be easily and effectively used as the basis
for a model for predicting cold tolerance levels of shoot and
the root tissues of two-year-old white spruce seedlings.

Interestingly, the 30% threshold recommended by Calmé
et al. (1993), or used in Sweden to estimate the capacity of
coniferous bare-root seedlings to survive cold storage (Hultén
and Lindell 1980), is very close to the values obtained from

the relationship between DM/FM and photoperiod, or
DM/FM and HDD at the completion of bud set (i.e., when
photoperiod = 12.72 hours and HDD = 214°C). Similarly,
Grossnickle (1989) related the variation in the water content
of white spruce shoots to phenological changes. Silim and
Lavender (1994) also identified the link between hardening
and bud set in white spruce seedlings. The increase in
DM/FM with bud set may result from an increase in dry mat-
ter due to tissue lignification following the cessation of height
growth (Levitt 1980, Grossnickle 1989). The present study
demonstrated that DM/FM continued to increase after bud
set. Increased accumulation of dry matter and decreased
water content could explain increased DM/FM given that the
completion of bud set is followed by a heightening in the
degree of hardening (Bigras and D’Aoust 1993, Silim and
Lavender 1994, Bigras et al. 2001) which is associated with
water loss and the accumulation of starches and sugars (Levitt
1980; Sakai and Larcher 1987). Given that seedlings with a
DM/FM (%) above 30% are considered ready for cold storage
(Calmé et al. 1993, Hultén and Lindell 1980), the threshold
value of 220°C HDD could be used as a rapid and non-
destructive criterion for estimating seedling readiness for cold
storage and could replace the overly conservative value of 200
hours of chilling sum presently used by nursery managers
(Lambany 1994). As DM/FM continues to increase after bud
set, it seems appropriate to use this ratio as a basis for a model
for predicting cold tolerance levels of shoot and root tissues of
two-year-old white spruce seedlings.

With respect to seedling root tissues, significant negative
correlations were also found between DM/FM, RWL, and
Rw/Rt for the control seedlings, indicating that these variables
change over time. Ritchie (1990) suggested that optimal
chamber pressure and time of exposure might exhibit sea-
sonal fluctuations. This could result in slight differences in the
values obtained for the control seedlings since all measure-
ments were done at the same pressure and length of exposure.
Similarly, seedling root growth potential, estimated in the
present study by Rw/Rt, has been shown to exhibit seasonal
fluctuations (McKay and Mason 1991). Consequently, we do
not believe that the observed correlations between DM/FM
and RWL and Rw/Rt for the control seedlings question the
appropriateness of using DM/FM as an indicator of cold tol-
erance of white spruce seedling roots. Rather, they illustrate
the difficulty of assessing cold damage to roots (Ritchie 1990;
Coursolle et al. 2000) and further validate the need to identify
a variable that would be quick and easy to measure and from
which cold tolerance levels of roots could be estimated.

The rate of acquisition of cold tolerance has been derived
from the slope of the linear function between cold tolerance
levels on two successive sampling dates (Fig. 4) (Lamhamedi
et al. 2005). The obtained values increased with the accumu-
lation of HDD and are similar to the rate of hardening esti-
mated by Greer et al. (2001) for white spruce seedlings
exposed to progressively lower temperatures. Because the
temperature interval between two successive artificial freez-
ing treatments was at least 4°C, the rate of cold tolerance
acquisition has likely been underestimated (Lamhamedi et al.
2005) since only large changes in hardening level could be
detected. This underestimation could explain why the rate
equalled zero between the second and the third sampling
dates. The estimates of the rate of acquisition of cold tolerance
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could be improved with additional and more closely spaced
freezing temperatures. Rates could then be used to estimate
daily cold tolerance thresholds.

Conclusion
When freezing temperatures are forecast, nursery managers
need to be able to estimate the level of seedling cold hardiness
immediately. They do not have time to conduct a freezing test
and need a simple procedure that is based on variables that
are quick and easy to measure. The present study validated
the appropriateness of DM/FM as an indicator of cold toler-
ance of the shoot and root tissues of two-year-old white
spruce seedlings produced under operational conditions. It
also established the appropriateness of using HDD, as esti-
mated in the present study, as the basis for cold tolerance
thresholds that would permit cold tolerance levels of shoot
and root tissues of two-year-old white spruce seedlings to be
predicted. Combining HDD with DM/FM is advantageous
because HDD integrate the inter-annual temperature vari-
ability while DM/FM is linked to the seedlings and integrates
the interactions that exist between seed source/provenance
and the cultural conditions applied in the nursery
(Lamhamedi et al. 2005). DM/FM increases linearly with
decreasing photoperiod (Fig 3a); the addition of photoperiod
does not seem relevant.

Once developed, the cold tolerance thresholds will permit
the nursery managers to estimate the level of seedling cold
hardiness almost immediately and to optimize irrigation as a
method of protection against autumnal cold damage
(Lamhamedi et al. 2005). But before these cold tolerance
thresholds can be used, they would have to be developed for
each given nursery × species × seed source combination by
successive freezing tests over a period of three or four years.
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