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Summary Weevduated net photosynthesis, respiration, |eaf
conductance, xylem pressure potential (XPP) and cold hardi-
ness in red spruce (Picea rubens Sarg.) seedlings exposed to
either a continuousthaw (CT) or adaytime thaw with freezing
nights (FN) for 8 days during mid-winter. Physiological differ-
ences between CT and FN seedlings were evident for all
measured parameters. However, the tempora expression of
treatment differences varied among parameters. When com-
pared to FN seedlings, CT seedlings had higher rates of respi-
ration following 24 h of treatment, and a higher net
photosynthetic rate, leaf conductance and XPP after 48 h of
treatment. The CT seedlings were significantly less cold toler-
ant than the FN seedlings following 4 days of thaw, whereas
FN seedlings did not deharden over the 8 days of treatment.
Examination of tempora trends among thaw-associated
changesin physiology suggested that, although greater carbon
exchange occurred as stomatal conductance increased, the
transition from negative to positive net photosynthesiswas not
the result of increases in conductance, but may have been
associated with thaw-induced increasesin X PP, Because thaw-
associated changes in gas exchange and cold hardiness were
offset in time, we conclude that, if changes in these processes
are physiologically linked, the linkage is indirect.

Keywords. cold hardiness, photosynthesis, Picea rubens, res-
piration, stomatal aperture, winter thaw, xylem pressure po-
tential.

Introduction

Winter temperatures in the boreal forest region of the northern
USA and Canada are not continuously low. Mid-winter thaws
have become increasingly common and, at times, prolonged.
For example, NOAA records for Burlington, VT indicate that
during the months of December through March, winter thaw
events (defined asfour or more consecutive dayswith tempera-
ture maxima above freezing) have occurred with an average
frequency of 1.4 per month during the past decade. Thisisan

increased frequency of approximately 30% compared to aver-
ages for the previous three decades.

Winter thaws induce at least two types of change in the
physiology of red spruce (Picea rubens Sarg.): (1) plants may
partially deharden; and (2) plants may increase their rates of
net photosynthesis. Strimbeck et al. (1995) found that current-
year foliage of montane red spruce dehardened an average of
9 °C during a 9-day natural thaw and the dehardened state
persisted for up to 19 days during which plants experienced
repeated subfreezing temperatures. DeHayes (1992) reported
that red spruce seedlings can deharden asmuch as 12-14 °Ciin
response to prolonged (5-day) exposure to temperatures of
5-10 °C, whereas an associated species, balsam fir (Abies
balsamea (L.) Mill.), did not deharden under the same climatic
conditions. Reductionsin cold tolerance areimportant because
the maximum winter cold hardiness attained by red spruce is
barely sufficient to prevent freezing injury at the lowest tem-
peratures encountered during most winters (DeHayes 1992).
Although the vulnerability of fully hardened red spruce to
injury from low temperatures has been questioned (Perkins et
al. 1993), precocious dehardening could greatly increase the
risk of freezing injury if athaw is followed by low tempera-
tures, or if foliageis subjected to other types of cold stresssuch
asrapid freezing (Perkins and Adams 1995) or repeated cycles
of freezing and thawing (J.L. Hadley, Harvard Forest, Harvard
University, personal communication).

Red spruce can photosynthesize in winter during prolonged
thaws (Schaberg et al. 1995). Assimilation during thaws could
be responsible for increases in total carbohydrates and foliar
sugars reported in red spruce foliage during winter (Snyder
1990). Although the physiological importance of winter as-
similation in red spruce is unknown, winter carbon capture
may benefit leaves by augmenting energy storesat atimewhen
remote carbon reserves are unavail able because of stem freez-
ing.

Thaw-associated changesin the winter physiology of north-
ern conifers, such as red spruce, have received little attention.
Considered in the context of potential global warming and
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increases in the number or duration of winter thaws, the con-
sequences of thaw-related changes in physiology could affect
the overall health and survival of boreal montane red spruce.
Examining the potential association between changesin cold
hardiness and carbon exchange is an important first step in
determining the overall impact of thaw-related alterations on
conifer physiology. We evaluated carbon assimilation, respira-
tion, foliar conductance of water vapor, shoot xylem pressure
potentials (X PP) and foliar cold hardiness of potted red spruce
seedlings during asimulated mid-winter thaw to determine the
temporal relationship between thaw-induced changes in pho-
tosynthesis and cold hardiness and also to examine possible
physiological connections among these processes.

M ethods

Plant material

In September 1993, 93 five-year-old red spruce seedlings,
weretransplanted to 3-liter plastic pots containing coarse sand.
Plant material was kept outdoors at the Northeastern Forest
Experiment Station in South Burlington, VT so that natural
winter hardening could take place. Pots were insulated with
perlite to simulate anatural soil environment and protect roots
from low air temperatures. Seedlings remained outdoors until
the initiation of thaw treatmentsin late January 1994.

Smulated thaw treatments

In late January 1994, the seedlings were removed from the
perliteinsulation. Gasexchangerates, cold hardinessand X PP
of nine seedlings were measured immediately. The remaining
84 seedlings were randomly assigned to one of two simulated
thaw treatments: half were assigned to a continuous-thaw (CT)
treatment and half were assigned to a freezing-night (FN)
treatment. The CT seedlings were placed in one of two plant
growth chambers (Sherer Scientific Products, Asheville, NC)
maintained at approximately 10 °C, with an 8-h light period
and a photosynthetic photon flux density (PPFD) of approxi-
mately 400 mmol m™2s L. The FN seedlingswere placed in the
same chambers during the 8-h light period, but were moved to
a freezer maintained at approximately - 3 °C for a 16-h dark
period following each thaw exposure. Soil temperature at the
center of pots was recorded at the end of each light and dark
period using six T-type soil thermocouples in each treatment
group. Soils of CT seedlings thawed within 24 h of treatment
initiation and reached an equilibrium with air temperature
(10.6 £ 0.4 °C) within 48 h. In contrast, soils of FN seedlings
oscillated between being thawed (6.8 = 0.7 °C by the end of
light periods in the growth chamber) or frozen (- 0.2 + 0.4 °C
by the end of dark periodsin the freezer). At the end of each
light period, seedlings were watered to excess.

Treatment temperatures were more uniform, but no less
extreme than field temperatures. Records kept by the NOAA
for Burlington, VT indicate that air temperatures can remain
continually above 0 °C and reach maxima over 10 °C during
protracted winter thaws. Moreover, cumulative heat loading
(the amount and duration of exposure to temperatures above
0°C) in the field can greatly exceed that to which the CT

seedlingswere exposed. For example, during athaw in January
1995, except for a 12-h period during which temperatures
dipped to - 1.1 °C, air temperatures remained above freezing
for 10 days and reached a high of 18.3 °C. Because of their
limited thermal capacity, the soil-filled pots used in our study
may have thawed more rapidly than frozen forest soils. How-
ever, forest soils often remain unfrozen during winter even in
the absence of a thaw, especialy when snow cover is present
(Kimball et a. 1973).

Gas exchange and water relations

Gas exchange was measured for nine seedlings immediately
before theimposition of thaw treatmentsand for nine seedlings
from each treatment on Days 2, 4, 6 and 8 following the onset
of treatment. In addition, gas exchange was measured for six
seedlingsin each treatment group after 1 day of treatment. Gas
exchange measurements were taken indoors (at approximately
21 °C) with an LI-6200 portable photosynthesis instrument
with a 0.25-liter cuvette (Li-Cor Inc., Lincoln, NE). The LI-
6200 was calibrated each day using a span gas CO, concentra-
tion of 310 ppm. Zero settings of the IRGA and flow meter
were adjusted regularly between sample measurements. Be-
cause regular occurrences of low or negative rates of net
photosynthesiswere anticipated, a 30-stime-interval measure-
ment of gas exchange was used rather than a fixed-concentra-
tion drawdown. Gas exchange measurements were taken on
one intact current-year shoot (5-cm long) from the upper 1/3
of the crown of each seedling. Branches were maintained in
their natural orientations during measurement. A 110-
130V/300W metal halogen lamp (General Electric Company,
Cleveland, OH) was used to provide near-saturating photon
flux densities (PPFD 3 500 mmol m™2 s'%, Alexander et al.
1995). Respiration measurements were made on the same
branch approximately 1 min after darkening the cuvette with a
doubled layer of cloth. Preliminary measurements indicated
that dark respiration rates of red spruce reach a steady state
within 1 minand remain steady for up to 10 min (cf. McLaugh-
lin et a. 1990). Leaf conductance (mm s %) was calculated for
each CO, exchange measurement from LI-6200-generated
transpiration and temperature measurements as described by
Schaberg et al. (1995).

Following gas exchange measurement, sample shoots were
harvested and XPP was measured with a PMS model 1001
portable pressure chamber (PMS Instrument Co., Corvallis,
OR) as described by Ritchie and Hinckley (1975). To adjust
photosynthetic and respiration rates to a projected area basis,
projected needle areas from gas exchange samples were meas-
ured with aLi-Cor Model LI-3100 area meter following XPP
determination.

Cold tolerance

Following gas exchange and XPP measurements, the cold
tolerance of the remaining current-year foliage was deter-
mined. Current-year foliage from each seedling was rinsed in
iced distilled water, then chopped in 0.5-cm sectionsto prepare
a single bulk sample. Subsamples were measured volumetri-
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caly (approximately 0.3 ml or 0.1 to 0.2 g) and transferred to
64-cell styrenetrays for freezing treatment in a computer-con-
trolled liquid nitrogen freezer (Model KRY O 10, TS Scientific,
Perkasie, PA). Freezing rate was 6 °C h™ L. Trays were held at
eight to 12 preselected test temperatures, then removed from
the freezer and placed in precooled styrene foam containersto
thaw dowly to 4 °C.

Freezing injury was assessed by electrolyte leakage as de-
termined by conductivity measurements. Conductivity data
were used to calculate critical temperatures (the highest tem-
perature at which freezing injury can be detected) for each bulk
sample per seedling. Critical temperatures have been shown to
be strongly correlated with field freezing injury and effective
in discerning cold tolerance differences among imposed treat-
ments, plant tissues, and needle age classes (DeHayes 1992).
For detailed descriptions of freezing procedures and critical
temperature calculations refer to DeHayes et a. (1990) and
DeHayes and Williams (1989).

Satistical analyses

Analyses of variance were used to examine the significance of
differences between treatments for the entire sampling period
and for individual days. Correlation analyses were used to
evaluate relationships among gas exchange, stomatal conduc-

tance, critical temperature and X PP measurements. Data were
transformed when necessary to satisfy statistical assumptions.
Unless otherwise noted, differences were considered statisti-
caly significant if P £ 0.05.

Results and discussion

Gas exchange

Average rates of net carbon assimilation by seedlingsin both
treatments were negative and did not differ from one another
during the first 24 h of treatment (Figure 1A). However, after
48 h, treatment means differed; the net photosynthetic rate of
CT seedlings was approximately 0 nmol m™ 2 s™%, whereas the
net photosynthetic rate of FN seedlings remained negative. As
the thaw progressed, the magnitude of the difference between
treatmentsincreased asthe net photosynthetic rateincreased in
CT seedlings, but plateaued just below zero in FN seedlings.
Following eight days of thaw, the average rate of photosynthe-
sis for CT seedlings was approximately 45% of the average
rate reported for red spruce in the field during the growing
season (Gage and DeHayes 1992). During the later part of the
thaw, photosynthetic rates for some individual CT seedlings
approximated growing season rates. Although average rates of
net photosynthesis for FN seedlings never exceeded O nmol

Net photosynthesis
(umol mZ ¢1)

Respiration

{(wmol m-2 s-1)

Figure 1. Average rates of net photosyn
thesis (A) and respiration (B) in the con
tinuous-thaw (CT) and freezing-night
(FN) treatments during an 8-day simu-
lated thaw. Reported differences of P >
F = 0.05 denoted by * and P > F =0.10
by + between CT and FN means are the

Day of thaw

result of analyses of variance for data
from individual days. Error barsare+ 1
SE of the treatment mean.
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%



570 SCHABERG ET AL.

m 2 s %, a partitioning of the sums of squares for the day *

treatment interaction showed that rates of net photosynthesis
for FN seedlings were significantly higher on Day 8 (- 0.54
mmol m™2s™1) than on Day 0 (- 1.44 mmol m™2s™%). Hadley et
al. (1993) reported that cut and rehydrated red spruce shoots
exposed to 20/12 °C day/night temperatures and a 12-h pho-
toperiod exhibited more rapid increases in net photosynthetic
rate than those we observed.

Although differences between treatmentsin dark respiration
rate were small (Figure 1B), CT seedlings had significantly
higher rates of respiration than FN seedlingson Day 1 (P =
0.06,n=5),Day 2(P=0.03,n=9) and Day 4 (P=0.08,n=
9) of thethaw treatment. Because respiration ratesaretempera-
ture dependent, and because rates for both CT and FN seed-
lings were measured at the same temperature (average cuvette
temperature was 21 °C), our measurements do not fully ac-
count for likely differencesin respiration attributable to differ-
ential temperature exposure; differences in respiration were
amost certainly greater during periods when FN seedlings
were exposed to - 3°C while CT seedlingswere held at 10 °C.
Observed respiration rates were high relative to winter rates
measured in thefield (typical mid-winter valuesfor red spruce
average about 0.3 mmol m™2s"%, unpublished data). It islikely

1.2

that the high rates of respiration in this study were the result of
the mild thaw and the cuvette temperatures. Partitioning of the
sums of squares for the day ~ treatment interaction revealed
that, for both CT and FN seedlings, respiration rates were
significantly lower on Day 8 than on Day 0.

Leaf conductance and XPP

Average leaf conductance for FN seedlings remained below
0.5 mm s throughout the study (Figure 2A), suggesting that
there was partial stomatal closure in FN seedlings throughout
the study (cf. Nobel 1991). Athough leaf conductances were
higher for CT seedlingsthan for FN seedlingson Days 2, 6 and
8, leaf conductancesfor CT seedlingson Day 2 remained close
to05mms L.

Xylem pressure potentials were low at the initiation of the
study, but CT seedlings experienced a large increase in XPP
within 48 h (to values that were maintained throughout the
study) (Figure 2B). Because the 48-h measurement of XPP
was the first performed following thaw inception, it is not
known when the initia increases in XPP in CT seedlings
occurred. If low shoot XPP resulted from limitations in water
uptake caused by freezing of the soil in the pots, then X PP may

A
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Figure 2. Average leaf conductance and
xylem pressure potential (XPP) in the
continuous-thaw (CT) and freezing-
night (FN) treatments during an 8-day
simulated thaw. Reported differences of
P > F = 0.05 denoted by * between CT

Day of thaw

and FN means are the result of analyses
of variance for data from individual
days. Error bars are+ 1 SE of the treat-
ment mean.
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have increased before the 48-h measurement because soils of
CT seedlings thawed within 24 h. The FN seedlings showed a
smaller and more variable increase in XPP over time, and
average X PP valuesfor these seedlings were never higher than
- 2.8 MPa (Figure 2B). Anderson and McLaughlin (1991)
reported that XPP for red spruce in the field can drop below
- 2.9 MPa during winter. However, Sperry and Tyree (1990)
found that red spruce can experience alarge increase in xylem
embolism at similar xylem tensions (approximately - 2.8 to
- 4.2 MPa). Based on the low X PP of many of our seedlings, it
seems likely that at least some seedlings experienced a reduc-
tion in hydraulic conductivity as a result of xylem embolism.
Evenif someembolism occurred, however, any associated oss
in hydraulic conductivity did not prevent the partial rehydra-
tion of CT shoots.

Cold hardiness

Seedlings were initially hardy to approximately - 47 °C, and
hardiness did not change significantly during the first 48 h of
treatment (Figure 3). Differences between treatments were
evident following 4 days of thaw; CT seedlings dehardened to
approximately - 35 °C, whereas hardiness of FN seedlings
remained essentially unchanged. These treatment differences
persisted and average hardiness ratings were - 33 °C for CT
seedlingsand - 44 °C for FN seedlingson Day 8. Although CT
seedlings dehardened an average of 14 °C for the thaw overall,
partitioning of the sums of squares for the day ~ treatment
interaction using contrasts revealed that hardinessin FN seed-
lings was not significantly different on DaysO0 (- 47 °C) and 8
(-44°C).

Temporal differencesin gas exchange, leaf conductance and
XPP for CT seedlings

The changesin leaf conductance were not associated with the
physiological transition from negative to positive net photo-
synthesis. Although net photosynthesis and leaf conductance

-30

were significantly correlated for the thaw asawhole (r = 0.44,
P =0.01), when evaluated on an individual-day basis, associa-
tions between these parameters changed over time. Net photo-
synthesis and leaf conductance were not correlated during the
initial daysof thethaw (Day 1: r =- 0.29, P =0.58 and Day 2
r =0.08, P =0.83), but were significantly correlated thereafter
(Day 4:r =0.77,P=0.01, Day 6: r =0.91, P=0.01, and Day
8: r =0.74, P = 0.04). The transition from negative to positive
net photosynthesis occurred during the initial phases of the
thaw, the same period during which net photosynthesis and
leaf conductance were not correlated. Although average net
photosynthesiswent from negative valueson Day 2 to positive
valueson Day 4, average leaf conductance decreased between
these dates, confirming that changesin stomatal aperture were
not responsible for the changesin net photosynthetic rate.

It isassumed that the primary mechanism by which stomatal
aperture influences the rate of photosynthesisis by regulating
the availability and flow of CO, in and out of leaves (Nobel
1991). High stomatal resistance restricts CO, diffusion, creat-
ing a lag in CO, supply that can become rate limiting to
photosynthetic carbon capture. Because our seedlings had
negative net assimilation rates during the early stages of the
thaw (through Day 2), CO, concentrationswithin needlesmust
have been greater than the ambient CO, concentration. Thus,
CO, availability (and stomatal aperture) did not limit photo-
synthesis during this period. On the contrary, because stomata
can close when internal CO, concentrations are high (Nobel
1991), the negative net photosynthetic rates of seedlings dur-
ing the early stages of the thaw may have been responsible for
the low stomatal conductance (Wong et a. 1979).

Although the transition from negative to positive net photo-
synthesis was not related to changes in leaf conductance, the
transition may have been associated with changesin XPR. The
largeincreasein XPP on Day 2 for CT plants (Figure 2A) was
coincident with theinitial increasein net photosynthesisin this
treatment (Figure 1A). Xylem pressure potential and net pho-
tosynthesisin CT seedlings were also positively correlated for
thethaw asawhole (r = 0.49, P =0.01) and for thefirst 2 days

-35 +

-40 4

-45 o

Critical temperature ( °C)

Figure 3. Average critical temperatures
in the continuous-thaw (CT) and the
freezing-night (FN) treatments during
an 8-day simulated thaw. Reported dif-
ferences of P > F = 0.05 denoted by *
between CT and FN means are the re-

-50 T T T T T T

Day of thaw

sult of analyses of variance for data
from individual days. Error bars are+
1 SE of the treatment mean.
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(r=0.58, P=0.04) and 4 days(r = 0.51, P = 0.02) of thaw (the
transition from a period of negative net photosynthesis to one
of positive net photosynthesis), but were not correlated there-
after. Numerous reports document nonstomatal limitations to
photosynthesis associated with low water availability (Boyer
1971, Mohanty and Boyer 1976, Sharkey and Badger 1982,
Teskey et al. 1986, Kaiser 1987). These limitations may result
from reductions in electron transport (Mohanty and Boyer
1976, Epron and Dreyer 1992), photophosphorylation (Keck
and Boyer 1974, Sharkey and Badger 1982), Calvin cycle or
more generalized enzyme activity (Kaiser 1987, Martin and
Ruiz-Torres 1992) or mesophyll conductance (Beadle et al.
1981, Grieu et a. 1988). Reductionsin mesophyll conductance
may become particularly limiting for red spruce as X PP drops
below - 2.0 MPa (Beadle et a. 1981).

Temporal differencesin cold hardiness and gas exchange for
CT seedlings

Critical temperatures were significantly correlated with net
photosynthesis (r = 0.65, P = 0.01) and respiration (r =- 0.33,
P = 0.04) for CT seedlings. However, treatment-associated
changes in gas exchange were evident earlier than treatment
differences in cold hardiness (Figures 1 and 3). It is possible
that thaw-associated changes in gas exchange and critical
temperature were independent and that these parameters were
correlated only because both responded to the same environ-
mental factors. Nevertheless, physiological links between pho-
tosynthesis and cold tolerance involving changes in the lipid
compositions of membranes (Oquist 1982) and aterations in
foliar sugar concentrations (Parker 1963) have been proposed.
Oquist (1982) suggested that cold-induced changes in thy-
lakoid lipid content could alter the miscibility, and thus either
themobility or the content of plastoquinonein thylakoid mem-
branes (Oquist 1982), which, in turn, could account for reduc-
tionsin the photosynthetic el ectron transport of conifersduring
winter (Oquist 1982, Oquist 1983, Oquist and Ogren 1985).
However, if changes in membrane structure dominated the
responses of seedlingsin our study, then increasesin photosyn-
thesiswould have occurred simultaneously with (if only mem-
brane changeswereinvolved), or following (if changesin other
components such as plastoquinone were involved), reductions
in cold hardiness. We found that increases in net photosynthe-
sis preceded measured reductionsin cold hardiness.
Highfoliar sugar concentrations during winter may enhance
cold hardiness and limit photosynthetic capacity (Parker
1963). Thaw-induced increasesin starch synthesisand respira-
tion might, therefore, be expected to result in a reduction in
foliar sugar concentrations, followed first by enhanced photo-
synthetic rates, then by dehardening. Experimental evidence
suggests that osmotic adjustments associated with high sugar
concentrations may provide limited protection from freezing
(Yeenosky and Guy 1989). However, this direct osmotic im-
pact may be less important in enhancing cold hardiness than
sugar’'s cryoprotective impact on cellular components or its
general contributions to energy metabolism (Sakai and
Larcher 1987). Mechanisms by which high foliar sugar con-
centrations could limit photosynthesis by end-product inhibi-

tion have also been outlined (Foyer 1987, Stitt and Quick 1989,
Krapp et a. 1993). Experimental evidence supporting these
mechanisms has been obtained in studies with herbaceous
plants (Foyer 1988, Stitt et al. 1988) and cell cultures (Krapp
et a. 1993).

It has been found that starch grains can accumulate within
the chloroplasts of red spruce needles during simulated winter
thaws (J.L. Hadley, personal communication) and during early
spring (Senser et a. 1975). In addition, Snyder (1990) reported
that sugar concentrations decrease, while starch concentra-
tions increase within red spruce needles during spring. Al-
though we did not measure foliar sugar and starch
concentrations, prolonged exposure of CT seedlings to above
freezing temperatures could have promoted the conversion of
foliar sugars to starch. This conversion, combined with de-
creasesin foliar sugar concentrations resulting from treatment-
induced increases in respiration (seedlings had negative net
assimilation rates through Day 2), could have reduced feed-
back inhibition of photosynthesis and reduced concentrations
of cryoprotective sugars. Metabolic activity associated with
elevated rates of respiration (including potential aterationsin
membrane lipids and the possible repair or reorganization of
cellular components) may also be required before cold hardi-
nessis significantly affected.

Potential consequences of thaw-associated changesin
physiology

Carbon capture during winter thaws could benefit red spruce
by replenishing foliar carbon stores, thus offsetting the meta-
bolic cost of maintaining evergreen foliage. However, reduc-
tions in cold tolerance during periods of winter thaw could
reduce long-term carbon gainsif they result in winter injury to
foliage. Although CT seedlings had positive net assimilation
rates after 4 daysof thaw, they lost approximately 12 °Cincold
tolerance during the same period. For conifers such as balsam
fir, which attain mid-winter hardiness that far exceeds that
required to avoid freezing injury (DeHayes 1992), a12 °Closs
of hardiness would not be detrimental. However, red spruce
attains a degree of mid-winter hardinessthat is, at best, barely
sufficient to prevent freezing injury. A 12 °C reduction in
hardiness may, therefore, greatly increase the risk of winter
injury. Therisk of suchinjury could beincreased by pollution-
induced reductions in cold tolerance (DeHayes et al. 1991,
DeHayes 1992). Any resulting injury will both decrease the
potential for carbon gain and deny uninjured tissues access to
carbon reservesin lost foliage. The overall impact of thaw-as-
sociated aterationsin physiology may, therefore, be detrimen-
tal to the carbon economy of red spruce. The detrimental
impact could be increasingly severeif prolonged winter thaws
become more common, but existing winter temperature min-
imaremain unchanged, as some climate models predict (M ac-
Cracken et al. 1991).
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