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Abstract

It has been hypothesized that yellow-cedar [Chamaecyparis nootkatensis (D. Don) Spach]
decline may result from root freezing injury following climate change-induced reduc-
tions in protective snow cover. To test this hypothesis, we measured the freezing
tolerance and injury expression of yellow-cedar seedlings in three treatments that
differed in the insulative protection they provided to soils during winter and spring:
(1) full exposure to ambient temperatures (exposed treatment), (2) continuous protection
from ambient temperatures via addition of perlite over pots (full protection), and (3)
perlite protection only during winter and exposure to ambient temperatures during
spring (partial protection). Foliage from all treatments was cold tolerant enough to
prevent foliar freezing injury throughout the study period. However, on all sample
dates, roots of seedlings from all treatments were only tolerant to about —5°C — a level
considerably warmer than the reported maximum cold tolerance for the species and well
above the soil temperature recorded in the exposed treatment. As a result of this limited
root cold tolerance, visibly uninjured roots of seedlings from the exposed treatment had
significantly higher relative electrolyte leakage (REL) throughout the winter and early
spring than seedlings in soil protection treatments. Seedlings from the exposed treatment
also had significantly higher foliar REL values and greater visual foliar injury than
seedlings from the other treatments starting in early spring. For both roots and foliage,
REL measurements consistently detected tissue damage before visual injury was evident.
Patterns of injury from both REL and visual injury assessments showed the same pattern:
damage began with freezing injury to roots and subsequently became evident as foliar
browning after spring temperatures increased. All seedlings in the exposed treatment
eventually had 100% fine root damage and died. This progression of initial root damage
followed by foliar browning and mortality after the onset of warming conditions is
consistent with reports of yellow-cedar decline symptom development in the field.
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'The taxonomic status of yellow-cedar is in question with the
discovery of a tree species that has close phylogenetic affinity in
northern Vietnam, Xanthocyparis vietnamensis Farjon & Hiep (Far-
jon et al., 2002). Yellow-cedar may join the Vietnamese tree in this
newly established genus as Xanthocyparis nootkatensis Farjon &
Hiep. Whether this name, or the older Callitropsis nootkatensis (D.
Don) Orest. (Little et al., 2004), is adopted will be determined at the
next International Botanical Congress in 2011 (Mill & Farjon, 2006).
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Yellow-cedar [Chamaecyparis nootkatensis (D. Don)
Spach]' is an ecologically, economically, and culturally
important tree species that has experienced dramatic
mortality in Southeast Alaska and nearby British Co-
lumbia for about 100 years (Hennon & Shaw, 1997;
Hennon et al., 2005). The extensive mortality, referred
to as yellow-cedar decline, has now been documented
on over 200000 hectares (Snyder, 2005) and is not
associated with fungi (Hennon, 1990; Hennon et al.,
1990b), insects (Shaw et al., 1985), nematodes (Hennon
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et al., 1986), viruses or phytoplasmas (Hennon & McWil-
liams, 1999) as primary agents of tree death. Because no
biotic causal agent has been identified, it has been
hypothesized that one or more abiotic factors have
instigated the decline. Any plausible explanation of
yellow-cedar decline must account for at least three
lines of evidence associated with the current decline:
(1) a documented change in climate or some other
environmental factor synchronous with the onset of
decline (around 1900), (2) the unique vulnerability of
yellow-cedar relative to other tree species, and (3)
greater levels of mortality in exposed sites due to soil
saturation at lower elevations (Hennon et al., 1990a).
One hypothesis that does account for these factors is the
proposition that climate change interacting with soil/
site conditions has resulted in elevated rates of freezing
injury that initiate tree mortality and stand decline
(Hennon & Shaw, 1994, 1997; Hennon et al., 2006).

The onset of yellow-cedar decline coincided with the
beginning of a period of climatic warming after the Little
Ice Age (ca. 1850), and the distribution of decline paral-
lels milder winter temperature isoclines in the region
(Hennon & Shaw, 1994, 1997). One consequence of
milder winter temperatures that could influence yel-
low-cedar health is a change in the pattern of insulative
snow cover. Because ambient winter temperatures often
hover around freezing, and precipitation levels are com-
monly heavy, even small alterations in temperature can
lead to precipitation dominated by rainfall, and subse-
quent reductions in the depth and duration of snowpack.
Reductions in protective snow cover could increase
possibilities for soil freezing, which would be especially
damaging to roots where the depth of rooting is limited
by soil water saturation (Hennon & Shaw, 1994, 1997).
Beier et al. (2008) has documented a trend toward war-
mer February and March temperatures during the 1900s
and less snow since the 1950s in the region experiencing
cedar decline. This is consistent with large-scale observa-
tions of northern latitude warming trends (IPCC, 2007).
The tight associations of dying yellow-cedar forests in
areas of low snowfall and live cedar forests in areas of
persistent snow (Hennon et al., 2006) are consistent with
the possibility that low snow cover increases opportu-
nities for soil freezing and subsequent root injury that
initiates tree mortality.

Another consequence of warmer winter temperatures
that could result in increased freezing injury is the
possibility of precocious dehardening that would in-
crease the risk of freezing injury when more typical low
temperatures occur (Strimbeck et al., 1995; Leinonen
etal., 1997). Evidence suggests that yellow-cedar is more
vulnerable to direct freezing injury than some sympa-
tric species (Silim & Lavender, 1994; Schaberg et al.,
2005), and may be particularly prone to temperature-

dependent dehardening (Puttonen & Arnott, 1994;
Hawkins et al., 2001) — although this may not be the
case relative to western redcedar (Thuja plicata Donn ex
D. Don) (Grossnickle & Russell, 2006). Our past research
indicated that the foliage of mature yellow-cedar trees
in Southeast Alaska is sufficiently cold tolerant in fall
and winter to survive ambient cold exposure, but that
this foliage may be uniquely vulnerable to premature
dehardening and freezing injury in the spring (Schaberg
et al., 2005). Because published reports indicated that
patterns of root cold tolerance generally follow seasonal
patterns of foliar cold tolerance (Sakai & Larcher, 1987),
we hypothesized that yellow-cedar roots would be
uniquely vulnerable to freezing injury in the spring,
especially if a lack of spring snow cover allowed for
premature soil warming that induced root dehardening.
This hypothesis, combined with new information on the
association of yellow-cedar decline with a lack of late
winter and early spring snowpack (Hennon et al., 2006),
helped form the basis for the study described here.

We propose that a combination of predisposing factors
(e.g. a reduction in insulative snowpack with climate
warming, soil drainage that influences the depth of
rooting, soil warming that may result in precocious
dehardening) and instigating factors (e.g. periodic low-
temperature events) may interact to increase the like-
lihood of decline-inducing freezing injury — especially to
vulnerable root tissues. To test if a lack of insulative
protection of soils resulted in premature root deharden-
ing, freezing injury, and plant decline, we manipulated
the insulation around the pots of yellow-cedar seedlings
by either burying pots in perlite to simulate snow cover,
or exposing pots to ambient temperature fluctuations.
Some pots were exposed to ambient temperatures
throughout the winter and spring, whereas other pots
were exposed to ambient fluxes only during the spring —
this allowed us to distinguish between winter and spring
damage to root systems. Measurements were made on a
monthly basis from February through May to evaluate
the timing of any treatment-induced influences on phy-
siology and health.

Materials and methods

Seedling establishment and treatments

Yellow-cedar seedlings were grown in a medium of
sand and perlite mixture (3:1) in plastic pots (22 cm tall,
22cm diameter) for 1.5years before the study and
throughout the experiment. These seedlings were 4
years old, approximately 30cm in height, and were
grown from seed collected in 1993 at 180m elevation
on Mitkof Island in the central portion of Southeast
Alaska at N56°31, W132°46’. The experiment was con-
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ducted in Juneau, AK (N58°22', W134°37’), at an eleva-
tion of 5m above sea level during the 2004~2005 winter
and 2005 spring. The site had a south-southeast aspect
with full exposure to sunlight throughout the day.

A randomized complete block experimental design
was used for this experiment. Before treatment initiation,
144 yellow-cedar seedlings were randomly separated
into six experimental blocks. Perlite was added to some
seedling groups within blocks to produce treatments that
provided insulation over pots and simulated snow cover,
which suppresses temperature fluctuation in soils and
presumably protects yellow-cedar roots from acute freez-
ing injury. Perlite has been used in other experiments to
insulate roots from winter freezing injury (e.g. DeHayes
et al., 1999; Schaberg et al., 2000). Within each block, eight
seedlings were randomly assigned to each of three
simulated snow cover treatments: (1) exposed (no pro-
tection from added perlite), (2) partial protection (perlite
covered pots for only the winter months — December
2004 through most of March 2005), and (3) full protection
(perlite covered pots for the entire experiment). Seed-
lings within each treatment were placed in eight-seedling
plots and were arranged 25 cm apart to allow for airflow
between plots. The seedlings in the partial and full
protection treatments were arranged in the same manner,
but perlite was added between pots and to a depth of
10cm above the rooting medium. Perlite was removed
from the partial treatment on March 30, 2005. Through-
out the experiment, natural snow was cleared by hand
from all treatments, so that the seedlings and their pots
remained fully exposed to the assigned treatment. Treat-
ments and air- and soil-temperature measurements were
initiated on December 3, 2004. All seedlings had been
grown in an exposed condition before this date.

On each of the four sample collection dates in 2005
(27 February, 27 March, 24 April, and 22 May), two
randomly selected seedlings per treatment from each of
the six blocks were removed for cold tolerance, mem-
brane integrity, and visual injury assessments. A total of
12 seedlings per treatment were assessed on each
sample date. These dates were chosen to bracket the
most likely time period of potential dehardening in
yellow-cedar observed in our previous field experiment
(Schaberg et al., 2005). Following visual injury assess-
ments of foliage and roots, whole seedlings were
packed in damp paper towels, wrapped in plastic bags,
and shipped overnight to the University of Vermont
analytical laboratory for cold tolerance and membrane
integrity assessments.

Cold tolerance

Cold tolerance was assessed by measuring the electro-
lyte leakage of foliar and root tissues following con-
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trolled exposure to a series of progressively lower
test temperatures. The distal segments of primary
shoots were sampled to assay foliar cold tolerance
levels (Hawkins et al., 2001; Schaberg et al., 2005),
and fine roots (i.e. <2mm in diameter) were used to
estimate cold tolerance levels for roots (McKay,
1998; Folk et al., 1999). Root systems were washed
in cold tap water to remove potting media, and only
light-colored roots that showed no visible damage
were assessed for cold tolerance. Following initial
preparations, foliage and root tissue from each
seedling were rinsed in iced distilled water to remove
surface ions and then chopped into 5mm sections
to produce one bulked sample per plant and tissue
type. Per sampling date, this process resulted in one
bulked sample per seedling and tissue type (i.e. root
and foliage) for two seedlings from each of the six
blocks and three treatments. Subsamples of bulked
tissue were measured volumetrically (approximately
03mL or 0.1-0.2g) into 64-cell styrene trays for
freezing tests, in which each sample tray was exposed
to a different test temperature. Freezing stress
was imposed using the methods of Strimbeck et al.
(1995) and Schaberg et al. (2000). For roots, test
temperatures ranged from 5 to —-20°C in -5°C
increments, with an additional test temperature at
—30°C. For foliage in February and March, test tem-
peratures ranged from -3 to —-51°C in —6°C
increments, with additional test temperatures at
—60, —70, and —80°C. For foliage in April and
May, test temperatures ranged from 5 to —40°C in
—5°C increments. The rate of freezing was —6°Ch™!
for all tests. Freezer temperature was held at least
20min at each test temperature, after which one
replicate tray was removed from the freezer, placed
in a precooled styrene foam container, and transferred
to a separate freezer at —5 °C. After trays equilibrated to
—5°C, they were transferred in foam containers to a
refrigerator at 4°C and held until thawed. A mild
detergent solution (3.5mL of 0.1% v/v Triton X-100 -~
deionized water) at 4°C was added to each cell,
and sample trays were held in a high-humidity cabinet
and shaken at room temperature for 8h. Initial
conductivity of the effusate was measured using a
multielectrode instrument (Wavefront Technology,
Ann Arbor, MI, USA), then samples were dried for at
least 48h at 50°C to kill the tissue, soaked in
fresh detergent solution for 24h, and then the final
conductivity was measured. Relative electrolyte leakage
(REL), a measure of cell injury calculated as the propor-
tion of initial to final conductivity, was used to calculate
Tpn, the temperature at the mid-point of a sigmoid curve
fit to REL data for all test temperatures. T, values
were calculated via nonlinear curve-fitting (JMP, SAS
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Institute, Cary, NC, USA) using the following equation
(Anderson et al., 1988):
Y X Ymin

_y.. 4 Ymax — Yonin
REL = Ymin + T "gm

where Y., and Y. are the values of REL for
uninjured and completely freeze-stressed tissue,
respectively, k describes the steepness of the REL
response to freezing stress, and T is the temperature
in °C.

Injury assessment

Membrane integrity. REL from plant cells is routinely
used as a measure of membrane stability, and has been
employed to detect changes in membrane integrity
associated with inherent differences in cell viability
(van Bilsen & Hoekstra, 1993), as well as imposed
stresses including dehydration (Vasquez-Tello et al.,
1990; Kuhns et al., 1993), freezing (DeHayes &
Williams, 1989; Strimbeck et al, 1995), high
temperatures (Ruter, 1996), osmotic stress (Zwiazek &
Blake, 1991), changes in mineral nutrition (David et 4l.,
1994; Branquinho et al., 1997), and acid mist treatment
(DeHayes et al., 1999; Schaberg et al., 2001).
Measurements of REL provide a sensitive indicator of
tissue damage that is often detectable before the
expression of visible injury (Dlugokecka & Kacperska-
Palacz, 1978; Zwiazek & Blake, 1991; Percival, 2004). We
used foliar and root REL data from tissues not exposed
to experimental freezing stress (i.e. for the highest test
temperature used in cold tolerance tests) to estimate
baseline membrane integrity and incipient field injury.
As per sampling criteria for cold tolerance assessments,
visibly injured tissues were excluded when foliage and
roots were sampled for REL measurements. Thus, REL
data provide an estimate of damage to visibly uninjured
tissues.

Visible injury. The crowns and roots of seedlings were
assessed for discoloration and other gross damage
symptoms when seedlings were harvested before cold
tolerance assessments. Samples of fine roots (<2mm
diameter) were examined using a dissecting microscope
(10 x magnification) for browning in the cortex and
stele tissues by slicing these tissues with a razor blade
during the second (two perlite and two exposed
seedlings), third (eight perlite-covered and eight
exposed seedlings), and fourth (all seedlings - 12
seedlings from each treatment) sampling periods. For
each of these seedlings, 30 fine roots were examined
and results were recorded as % dead (mortality).

Temperature and weather data

Logging devices were used to record hourly air tem-
perature and soil temperature in each of the treatments
in three of the six blocks to document conditions
experienced by the protected and exposed seedlings.
Air temperature was recorded with Water Temperature
Pro Hobo devices (Onset Computer Corp., Bourne, MA,
USA) mounted on wood stakes 30 cm above the rooting
medium of the pots in the middle of nine treatments.
Soil temperature was recorded in the same treatments
using outdoor Hobo Ul2 loggers (Onset Computer
Corp.). The range, accuracy, and response times for air
and soil temperature devices, respectively, were as
follows: —40 to 70°C, + 0.2°C at 25°C, and 12 min in
air moving at 2ms}; —40 to 50°C, +0.25°C at 20°C,
and 3min in air moving at 2ms™' and 1min in water.
Each of these soil loggers had four probes, which were
placed individually at the mid-point of the rooting
media of one seedling that was to be removed during
each of the four sampling intervals. Probes were placed
at half depth in the rooting medium and half the
distance from the center to the east side of the pots in
the same treatments as for air temperature. Data from a
single logger recording hourly air temperature was
used to specify temperatures that the seedlings had
experienced earlier in the winter, before the establish-
ment of the treatments. Weather data (Western Regional
Climate Center) from the Juneau airport weather station
[‘Juneau AP, Alaska (504100)'], located 2km from the
experiment, were used to indicate mean daily minima
and maxima values during winter and spring over the
previous 30 years.

Statistical analyses

Analyses of variance were used to test for differences in
T and REL attributable to soil treatment and block
effects for roots and foliar tissues sampled at each of the
four sampling dates. Specific differences among factor
means were determined using the Tukey HSD test.
Differences were considered statistically significant if
P<0.05.

Results and discussion

Patterns of cold folerance

Foliage examined in this study was cold tolerant
enough (—27.16 + 0.43°C in February and —24.57 +
1.42°C in March for all treatments combined) to avoid
direct injury from ambient temperatures throughout the
winter (Fig. 1a). These findings were consistent with our
past findings for mature yellow-cedar trees (Schaberg
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Fig. 1 The influence of soil protection treatments on mean
(£SE) cold tolerance measured as Ty, for the (a) foliage and (b)
roots of yellow-cedar seedlings over 4 months in winter/spring
2005. No significant differences in cold tolerance attributable to
treatment were found. No cold tolerance estimates exist for
seedlings from the exposed treatment in April and May, because
extensive tissue damage precluded the accurate calculation of Ty,
values.

et al., 2005). Although foliage dramatically dehardened
between March and April (losing on an average over
15°C of cold tolerance in 1 month), residual hardiness
(—9.42 £ 0.25°C in April and —7.56 + 0.33 °C in May for
all treatments) was sufficient to protect foliage from the
ambient low temperatures experienced during the year
of this experiment (Fig. 2a). More importantly, there
were no detectable treatment effects on patterns of cold
hardiness or dehardening of foliage for any period of
the study. Differential exposure of rooting media to
ambient temperatures had no influence on foliar cold
tolerance. No significant block effects were found for
this or any other measurement parameter.

In contrast to foliage, roots of seedlings from all
treatments expressed only limited levels of cold hardi-
ness (hovering around —5°C) that were statistically
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indistinguishable from one another throughout the
study period (Fig. 1b). Past research has indicated that
the roots of yellow-cedar stecklings (i.e. rooted cuttings)
can reach a maximum cold hardiness of about —12°C,
whereas cold tolerance levels are closer to —6 °C before
cold acclimation and after deacclimation (Puttonen &
Arnott, 1994). The roots of some conifer seedlings such
as lodgepole pine [Pinus contorta D. Don] and mountain
hemlock [Tsuga mertensiana (Bong.) Carr.] reach max-
imum cold tolerance levels that are fairly limited (e.g.
approximately —8°C; Coleman et al., 1992). However,
the roots of most conifer species appear to reach greater
depths of cold hardiness. For example, Bigras & Calmé
(1994) reported that the maximum cold tolerance of the
roots of black spruce [Picea mariana (Mill.) B.5.P.] seed-
lings was about —12 °C, and Coleman et al. (1992) found
that the roots of Pacific silver fir [Abies amabilits (Dougl.)
Forbes] and subalpine fir [Abies lasiocarpa (Hook.) Nutt.]
seedlings reached similar hardiness levels. Sutinen et al.
(1998) noted that the roots of mature Scots pine (Pinus
sylvestris L.) were tolerant to —20 °C, a level of hardiness
also noted for seedlings of this species (Lindstrém &
Stattin, 1994), whereas the roots of Norway spruce
[Picea abies (L.) Karst.] seedlings can survive exposures
to —25°C (Lindstrom & Stattin, 1994).

The roots of the yellow-cedar seedlings in our experi-
ment either never adequately hardened in the fall, or
they dehardened below the species’ reported —12°C
average maximum hardiness level to about —5 °C by the
time of our first measurement in February. Although
gross seasonal patterns of cold tolerance in foliage and
roots may generally parallel one another (Sakai &
Larcher, 1987), other evidence indicates that, whereas
roots achieve maximum hardiness levels by late fall
(e.g. November or December), they can lose as much as
10°C cold tolerance by mid-winter (e.g. February;
Sutinen et al., 1998). Rapid reduction in root cold
tolerance can be provoked by thaw conditions
(Bigras & D’Aoust, 1993; Lindstrém & Stattin, 1994).
Air temperatures during our experiment persisted
above 30-year mean maxima throughout November
before treatments began in early December (Fig. 2a) ~
potentially resulting in treatment-independent dehar-
dening. However, significant reductions in root cold
tolerance can also occur in the presence of continual
subfreezing temperatures (Lindstrom & Stattin, 1994)
such as those that predominated after treatment
application (Fig. 2a).

Yellow-cedar is a high-elevation tree throughout most
of its range (Harris, 1990). Perhaps an ability to dehar-
den its roots is an adaptation to living in areas of heavy
snow accumulation. Deep cold hardiness would be of
great importance in fall before snowfall is typically
adequate enough to protect roots from ambient tem-
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Fig. 2 Air (a) and soil (b) temperatures for the study period. (a) Hourly air temperature from October 1, 2004, through May 31, 2005
(solid line), and mean minima and maxima values for the previous 30 years (dashed lines Western Climate Center). Hourly temperatures
are the mean of nine logging devices after the treatments were established and one device prior to treatments. Note the distinct thaw-
freeze cycles. The onset of treatments and sample dates for foliar and root testing are given. (b) Mean hourly soil temperature from potted
yellow-cedar seedlings from December 1, 2004, through May 2005. Temperature data from the partial perlite treatment combined with
perlite treatment before 30 March, but then combined with the exposed treatment after perlite was removed on this date.

perature lows. However, because of a high probability
of snowpack through late winter and early spring, there
may have been little adaptive advantage for the species
to maintain high root hardiness levels when it was
unlikely to be needed because snow typically protected
roots from freezing injury.

Patterns of injury expression

We measured significantly greater baseline electrolyte
leakage (i.e. for tissues not exposed to experimental
freezing tests) from roots of seedlings exposed to lower
soil temperatures (exposed treatment) relative to seed-
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lings in treatments where roots were buffered from
ambient temperature extremes (partial and full protec-
tive treatments) (Fig. 3b). Although roots can exhibit
high REL levels even when undamaged (e.g. Bigras &
Calmé, 1994), greater electrolyte leakage for roots in the
exposed treatments relative to roots in the other treat-
ments is a direct measure of elevated membrane dis-
ruption and damage within otherwise visibly uninjured
root tissue from this treatment.

Electrolyte leakage data indicated that root damage
was first evident in February, was more statistically
distinguishable by March, and persisted through April.
In May, differences in root electrolyte leakage among
seedlings in the various treatments were no longer
significant, largely because leakage levels of seedlings
in the partial and full protective treatments increased
considerably relative to levels measured during pre-
vious months. Increased leakiness of roots of seedlings

(a) 70
Foliage ||mFull
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E1 Partial
50 4
S
:
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50 1
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Fig. 3 The influence of soil protection treatments on mean
(£SE) relative electrolyte leakage (REL) of tissues before experi-
mental freezing tests for (a) foliage and (b) roots of yellow-cedar
seedlings over 4 months in winter/spring 2005. Significance
values for comparisons within sample date are as follows:
*P<0.05 and **P<0.01 (ANOVA). Means with the same letter
are not significantly different based on the Tukey HSD test.
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in these treatments likely reflects normal seasonal
changes in REL seen for undamaged roots in other
species (e.g. McKay, 1998). Higher levels of electrolyte
leakage for roots during the growing season have been
attributed to seasonal changes in membrane (protein
and lipid) composition (McKay, 1998).

In comparison with electrolyte leakage measures of
visually uninjured tissue, visible injury of roots and
foliage appeared delayed. The roots and foliage of
seedlings appeared healthy and there was no evidence
of injury at the first sampling on 27 February. Roots
from all exposed seedlings appeared to be damaged at
the second sample date (27 March), but foliage on these
seedlings remained green (Fig. 4). Most fine roots ob-
served from these exposed seedlings had brownish
cortex tissue, but the stele tissue was often still white.
On 27 March, both the roots and foliage from the two
perlite treatments appeared healthy, with <10% dead
fine roots (Fig. 4). At the third sampling on 24 April,
foliage had begun to die and extensive root damage was
noted in all exposed seedlings. Mortality to fine roots
was much higher in exposed seedlings (81%) than in the
perlite or partial perlite treatments (9% and 5%, respec-
tively). New white root tips were apparent on all
seedlings in both perlite treatments (healthy roots);
most were 2-5 mm long with some up to 10 mm.

More severe foliar symptoms developed in all ex-
posed seedlings around 25 April with the onset of
warmer days. The crowns of some seedlings turned
orange-brown, and others remained somewhat green
but were dry and brittle to the touch. Every seedling in
the exposed treatment had foliar symptoms, indicating
that it was dead or nearly dead on the final sample date,
yet all seedlings in the protective treatments remained
green (Fig. 5). All fine roots (100%) from exposed
seedlings were dead, while only 11% and 13% of fine
roots on the perlite and partial perlite seedlings were
dead at this time.

Because seedlings in the full and partial protective
treatments showed no signs of damage, we are con-
fident that root damage occurred after 3 December
when perlite was added to protect the roots of seedlings
in these treatments — perhaps during the extended cold
periods (—5°C and lower) in late December and mid-
January (Fig. 2a). Furthermore, because seedlings in the
partial protective treatment never exhibited signs of
injury, it is evident that damage was not induced after
the root systems of seedlings had the protection of
perlite removed on 30 March. Thus, damage must have
occurred as a result of one or more low-temperature
events between 3 December and 30 March (Fig. 2a).

There were perhaps eight cold events in January and
February in which soil temperatures in pots for the
exposed treatment dropped below —5 °C, four of which
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Fig. 4 Differences in visible injury for fine roots between protected seeding (left) showing healthy roots and healthy foliage and
exposed seedling (right) showing damaged roots and apparently healthy foliage. Photograph taken on March 27, 2005.

Fig. 5 Differences in the visible injury of foliage of yellow-cedar seedlings during the fourth sampling interval on 22 May removed from
their blocks and arranged by treatments: full protection (left), partial protection (middle), exposed (right).

experienced temperatures considerably below this
threshold (Fig. 2b). One event, around 11 January, was
by far the coldest period, with air temperatures below
—20°C. Two of these events were preceded by warm
temperatures, creating thaw—freeze episodes that can
induce freezing injury (Bourque et al., 2005). In other
years, relatively cold periods also occurred in March
(Fig. 2a). Soil temperature data show that perlite can

insulate pots to a point, but that there is a breakthrough
after several days of extreme cold when soil
temperatures then decline. Also, soil in the perlite
treatment warmed slowly in April and May.
Thus, perlite functioned to buffer soil temperature,
but given enough exposure to warm or cold tempera-
tures, perlite was not a perfect surrogate for snow in
this experiment.
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Although our cold tolerance measurements began
after these cold events, the minimal cold tolerance
levels we documented in late February suggest that
roots were uniquely vulnerable to freezing injury close
to the time when ambient temperature lows actually
occurred. We cannot determine which of these events
between December and late February (or possibly com-
binations of them) caused the root injury we detected.

Foliar electrolyte leakage measurements indicate that
damage (greater membrane disruption and electrolyte
loss) also occurred only for seedlings in the exposed
treatment (Fig. 3a). Furthermore, foliar injury was first
detected in April, directly following a warm period, and
long after root damage was first detected by REL in
February (Fig. 3). Because ambient air temperatures
never reached lows required to induce direct foliar
freezing injury, we propose that foliar injury was a later
expression of root injury that occurred earlier in the
study. In particular, extensive root freezing injury for
seedlings in the exposed treatment could have reduced
functional root capacity enough, so that foliage was
undersupplied with water once transpirational de-
mands increased in the spring. Thus, foliar injury could
represent secondary desiccation damage that followed
prior root freezing injury and was only expressed
following the onset of warmer weather. Root freezing
injury has been shown to decrease water uptake, reduce
shoot water potentials, and result in increased foliar
damage and mortality for many coniferous species (e.g.
see review by Bigras & Dumais, 2005). In the current
study, all seedlings in the exposed treatment eventually
had 100% fine root damage, the complete browning of
foliage, and eventually died.

Consistencies with field symptoms

The pattern of initial root injury followed by later foliar
damage and mortality is consistent with field reports of
the nature and sequence of injury that results in yellow-
cedar decline (Hennon & Shaw, 1997; Hennon et al,,
2006). Mature trees generally die more slowly; excava-
tion of root systems of trees in various stages of crown
decline indicated that fine root death was the initial
symptom that a tree was beginning to decline (Hennon
et al., 1990b). Foliar symptoms developed after signifi-
cant portions of the root system were dead, with prox-
imal foliage dying and then distal foliage often the last
tissues alive before trees finally die. We have observed
freezing injury to seedlings and saplings, which typi-
cally is expressed as death to newer distal foliage, and
the older proximal foliage is often not killed. We found
that limited mid-winter root cold tolerance levels re-
sulted in high levels of root injury, first chiefly detected
as increases in REL for visibly uninjured roots, and then

© 2008 The Authors

progressing to visible root injury. It has been consis-
tently shown that REL measurements provide a sensi-
tive indicator of tissue damage that is often detectable
before visible injury expression (Dlugokecka & Kac-
perska-Palacz, 1978; Zwiazek & Blake, 1991; Percival,
2004). Foliar damage, also first detected as increases
in REL and then progressing to prominent visible
injury, became evident after warmer temperatures
prevailed and transpirationally induced desiccation
was more likely. This progression from initial
root injury to foliar browning and whole plant death
mimic decline symptoms seen in the field, and provide
the first quantitative experimental evidence that
root freezing injury could be an instigating cause of
yellow-cedar decline.

Although consistent with the basic pattern of injury
and symptom progression in the field, the study de-
scribed here, which employed uniform protection or
exposure of roots grown in homogeneous rooting media
with equal rooting depths, provided a highly simplified
test of the type of environmental conditions that may
contribute to injury in the field. Temporal and spatial
variability in a variety of factors that protect roots from
freezing injury (e.g. amount of insulative protection
from snowpack, soil depth, and drainage that may
allow roots to grow beyond the frost zone, etc.) would
make injury expression in the field more diverse than
that experienced in our simplified simulation. Temporal
and spatial variability in temperature patterns that may
predispose or incite freezing injury (e.g. the depth and
duration of freezing events, the occurrence of thaws that
may deharden tissues before cold snaps) would simi-
larly complicate injury expression in the field. Differ-
ential mixes of root protection and exposures to freezing
temperatures over space and time would account for
the more nuanced expression of injury seen in the field
(e.g. crowns generally dying rapidly as a unit, but at
times declining more progressively over years; Hennon
& Shaw, 1997). As in the current seedling study, rapid
crown deterioration would follow near-complete root
freezing injury and mortality. In contrast, slower crown
loss would likely result from more limited freezing
damage of roots, such as when only superficial roots
were injured on trees where site conditions allowed for
deeper root penetration. Thus, freezing injury could act
as a chronic damaging factor when shallow roots were
injured and killed every few years, slowly depleting
tree carbohydrate resources and diminishing water and
nutrient uptake capacities. The experimental circum-
stances of this study were limited (e.g. with a uniform
level of root protection, and exposure to only one
season’s particular temperature trends) compared with
the range of complexities that are possible in the field.
Nonetheless, the sequence and nature of injury expres-
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sion uniquely resemble those typically associated with
field reports of decline.

Although our study provides the only experimentally
induced recreation of yellow-cedar decline symptomol-
ogy, recognition that various site factors may help
protect or exacerbate cold exposure and freezing da-
mage may provide opportunities to further test the
possibility that root freezing damage instigates yel-
low-cedar decline. We have developed a conceptual
scenario of the interplay of factors that may contribute
to yellow-cedar decline (Fig. 6). This scenario highlights
various circumstances (e.g. wet soils that may limit
rooting depth, greater exposure to soil freezing or
temperature fluctuations when snow is absent, etc.) that
may modulate the risk of root freezing injury and
associated decline. We have already begun to evaluate
if patterns of injury in the field reflect variations in these
factors across the landscape. For example, soil tempera-
tures below the —5 °C threshold occur in late winter and
early spring at shallow depths (e.g. 7.5 cm) but are less
common deeper (e.g. 15 cm); also, the presence of snow
buffers against these apparently lethal soil temperatures
(D’ Amore & Hennon, 2006). Indeed, in one event dur-
ing the 2003-2004 winter, we recorded sustained soil
temperatures below —10°C at 7.5cm below the soil

Landscape position, soils
Wet soils

Y
Open canopy conditions
e

Exposure

Shallow Freezing Deha'rdening (loss of
roots freezing resistance)

sm,w....\.. l /

Freezing injury

Fig. 6 Conceptual scenario leading to yellow-cedar decline and
mortality. This scenario proposes that landscape features and soil
properties produce poor drainage that creates open canopy
forests and shallow rooting. Open canopy conditions increase
the likelihood of soil temperature fluctuations that may be
directly damaging to fine roots (e.g. freeze or freeze/thaw
events), or may predispose roots to damage due to premature
dehardening (thaws). Increased snowpack protects yellow-
cedars by (1) insulating the soil so that it does not reach lethal
sub-freezing temperatures, and /or (2) delaying soil warming and
associated dehardening. As highlighted, snow would mitigate the
direct and indirect consequences of exposure-induced soil
temperature perturbations that instigate yellow-cedar decline.

surface at field sites experiencing yellow-cedar decline,
but more moderate temperatures above the —5°C
threshold at this same soil depth at higher elevations
where snow was present (Hennon, 2007). The close
association of the decline problem and the absence of
late winter-early spring snow has been observed at
spatial scales ranging from the entire region of South-
east Alaska to the small watershed (Hennon et al., 2006).
At the latter scale, wet cedar forests appear healthy
where snow persists through March or April, presum-
ably protecting cedar roots past the last hard freeze. In
addition, landscape-scale crown injury is usually most
noticeable in early to mid-summer when foliage starts
to turn an orange-brown color. As with the seedlings in
the current study, uniform crown discoloration for trees
in the field is a possible indication that root injuries do
not manifest themselves until the reduced transpira-
tional capacity associated with root loss leads to foliar
desiccation and mortality. By forming the basis for the
design of controlled experiments such as the current
study, and providing the context for evaluating patterns
of injury expression in the field, the scenario depicted in
Fig. 6 provides a useful guide for studies of the cause(s)
of yellow-cedar decline. It is important that future tests
of this scenario include sympatric species such
as western redcedar or western hemlock [Tsuga
heterophylla (Raf.) Sarg.], so that the unique vulnerability
of yellow-cedar to injury and decline can be specifically
evaluated.
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