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Abstract

Numerous cold-induced changes in physiology limit the capacity of northern co-
nifers to photosynthesize during winter. Studies of red spruce (Picea rubens Sarg.)
have shown that rates of field photosynthesis (Pg.,4) and laboratory measurements
of photosynthetic capacity (P,,,,) generally parallel seasonal ambient temperature
trends; carbon exchange decreases in the fall, remains negative or close to zero
for much of the winter, and increases in the spring. However, increases in Pgq,
P,.., and foliar carbohydrate concentrations can occur during winter thaws. Thaw-
induced increases in photosynthesis are probably not the result of increased sto-
matal conductance, but may result from other changes in physiology associated
with thaw-induced improvements in water relations. In addition to increased pho-
tosynthesis, red spruce also decrease in cold hardiness during thaws. The co-
occurrence of thaw-induced changes in photosynthesis and cold hardiness raises
questions regarding their adaptive significance, particularly in the context of po-
tential climate change. Red spruce may face a tradeoff between potentially ben-
eficial increases in carbon capture and potentially detrimental reductions in cold
tolerance. The physiological consequence(s) of this tradeoff may depend on the
number and duration of thaws, as well as ambient temperature trends following
thaw. Pollution-induced reductions in cold tolerance, and the low genetic vari-
ability of red spruce, may also influence the net outcome of thaw-induced changes

in physiology.

Introduction

Photosynthetic measurements of conifers growing in mild
winter climates have shown that significant carbon fixation can
occur year-round (Fry and Phillips, 1977; Harrington et al.,
1994). However, field results for conifers in cold northern re-
gions suggest that winter carbon fixation may be intermittent,
and limited to periods with temperatures predominantly above
0°C (Jurik et al., 1988; Schaberg et al., 1995). Carbon gains
during winter could benefit evergreen trees by compensating for
respiratory carbon losses of overwintering foliage (Sprugel,
1989), contributing to the accumulation of cryoprotective sugars
(Parker, 1963) and providing added energy for spring bud break
and growth (Kimura, 1969). However, the true impact of carbon
gains during winter on the annual carbon budgets of northern
conifers remains uncertain (Schulze et al., 1977; Matyssek,
1986).

Although questions concerning the occurrence and physiolog-
ical importance of carbon exchange during winter exist for all
northern conifers, information regarding this topic is of partic-
ular scientific interest for red spruce. Since the mid-1960s,
growth rates of montane red spruce have declined in many parts
of the eastern United States (Cook and Zedaker, 1992). Pollu-
tion-induced disruptions in foliar carbon relations (McLaughlin
and Kohut, 1992) and cold tolerance (DeHayes, 1992; DeHayes

* A version of this paper was presented at the Ecological Society of
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et al., 1999) have both been linked to this decline. In addition,
winter thaws also alter the cold tolerance (Strimbeck et al., 1995)
and carbon exchange (Schaberg et al., 1995) of red spruce. How-
ever, the adaptive consequence of thaw-induced changes in phys-
iology is less certain than direct pollutant impacts. This paper
examines the influence of winter thaws on red spruce carbon
relations and cold tolerance, and explores the possible implica-
tions of warming winter climates on the physiology, health, and
survival of this species. Because baseline rates of carbon ex-
change are close to zero for red spruce exposed to typical (sub-
freezing) winter climates, this paper begins with a brief summary
of the physiological limitations to carbon capture at low tem-
peratures.

PHYSIOLOGICAL LIMITATIONS TO WINTER
PHOTOSYNTHESIS

Numerous cold-induced alterations to the photosynthetic ma-
chinery of northern conifers occur during winter which limit
potentials for carbon capture. For example, cold-associated
changes in the appearance and positioning of chloroplasts have
been reported for several conifers (Perry and Baldwin, 1966;
Senser et al., 1975) including red spruce (Fincher and Alscher,
1992). Fall and winter reductions in the amount and activity of
chlorophyll have also been documented (McGregor and Kramer,
1963; Martin et al., 1978), as have low temperature-induced re-
ductions in photosynthetic enzyme activity (Gezelius and Hallén,
1980; Oquist et al., 1980). Reductions in photosynthetic electron
transport (especially photosystem II) also occur (Martin et al.,
1978; Oquist, 1982).
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Winter photosynthesis is often considered to be limited by
water stress. Cold-induced reductions in water uptake and/or
transport can result in decreased water replacement following
transpiration and, thus, contribute to the development of low
foliar water potentials (Kincaid and Lyons, 1981; Teskey et al.,
1984). Cold-associated foliar water deficits can also lead to de-
creases in guard cell turgor and result in stomatal closure (Kra-
mer, 1983), which could independently restrict opportunities for
carbon capture. Numerous studies have documented cold-asso-
ciated reductions in stomatal conductance and photosynthesis for
conifers (DeLucia, 1987; Jurik et al., 1988; Day et al., 1989,
1991; DeLucia et al., 1991). However, there are conflicting re-
ports as to whether or not winter photosynthesis is primarily
restricted by low stomatal aperture: some reports suggest that it
is (Jurik et al., 1988), some suggest that it is not (DeLucia,
1987), while others contend that stomatal limitations vary among
species (Day et al., 1989) or across temperatures gradients (Day
et al., 1991; DeLucia et al., 1991).

Low water availability in the cold may also limit photosyn-
thesis by directly altering cellular physiology. Numerous reports
document nonstomatal limitations to photosynthesis associated
with low water availability (Sharkey and Badger, 1982; Kaiser,
1987; Epron and Dreyer, 1992). These limitations may result
from reductions in photophosphorylation (Sharkey and Badger,
1982), Calvin cycle and more generalized enzyme activity (Kai-
ser, 1987; Martin and Ruiz-Torres, 1992), electron transport
(Epron and Dreyer, 1992), and/or mesophyll conductance (Grieu
et al., 1988). Initial phases of the dehydration-induced inhibition
of photosynthesis probably involve reactions catalyzed by water-
soluble enzymes and enzymes at the membrane-water interface
(Kaiser, 1987).

Another possible impediment to photosynthesis at low tem-
peratures is the feedback inhibition of photosynthesis by high
foliar sugar concentrations. Concentrations of soluble carbohy-
drates (especially sugars) within needles of northern conifers in-
crease during fall, remain high in winter, and decrease in the
spring (Hinesley et al., 1992; Schaberg et al., 2000), whereas
photosynthetic rates follow an opposite pattern (Jurik et al.,
1988; Gage and DeHayes, 1992; Schaberg et al., 1995, 1998).
Inverse changes in photosynthetic and foliar carbohydrate levels
associated with changing temperature have led several investi-
gators to hypothesize that conifers may experience cold-induced
feedback inhibition (Parker, 1963; Day et al., 1989, 1991). Stud-
ies using herbaceous plants (Foyer, 1988) and cell cultures
(Krapp et al., 1993) have provided experimental evidence of the
feedback inhibition of photosynthesis by sugars. However, the
possibility that the photosynthetic capacity of northern conifers
is down-regulated by high foliar sugar concentrations during
winter has not been experimentally tested.

THAW-INDUCED INCREASES IN WINTER
PHOTOSYNTHESIS FOR RED SPRUCE

As a result of physiological and environmental limitations, net
carbon exchange of the current-year foliage of northern red
spruce is negative or close to zero during typical (low temper-
ature) winter periods (Schaberg et al., 1995, 1998). However, net
photosynthetic rates can increase substantially for this foliar age
class during prolonged thaws (two or more days with air tem-
peratures >0°C) (Schaberg et al., 1995, 1998). For example,
mean rates of field photosynthesis (Pg,q) can reach 37% of mean
growing season levels, and the rates for individual trees can ap-
proximate those occurring during the growing season (Schaberg
et al, 1995, 1998). Correlations between P, and ambient air
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temperature means during winter support the hypothesis that sig-
nificant carbon capture occurs primarily in association with pro-
longed periods of elevated ambient temperature (Schaberg et al.,
1995, 1998).

In order to determine how much winter photosynthesis in red
spruce is limited by immediate environmental constraints, the
photosynthetic capacity (P,,) of red spruce shoots has been
measured both prior to and during natural and simulated thaws
(Schaberg et al., 1998). Photosynthetic capacity is the maximum
photosynthetic rate (the asymptote of the net CO, exchange
curve during a 40-min measurement period) of excised shoots
that are rehydrated and provided near-optimum growing season
temperature and light conditions (e.g., 16.9 * 0.2°C and 582 *
16 pmol m=2 s~! PAR; Schaberg et al., 1998). Because environ-
mental limitations to photosynthesis are reduced during these
measurements, P, provides a more specific measure of the
physiological capacity of the photosynthetic apparatus to capture
carbon. Measurements of P,,,, for red spruce current-year shoots
during a sustained period of below freezing ambient air temper-
atures were negative or close to zero (Schaberg et al., 1998),
indicating that, even when provided a favorable environment,
foliage was incapable of net carbon capture. However, periodic
measurements of freshly cut shoots showed that P,,, increased
significantly within 48 h of the onset of a natural thaw (Schaberg
et al,, 1998). This increase in P,, can occur within 3 h for
rehydrated shoots continuously exposed to simulated thaw con-
ditions (17°C) (Schaberg et al., 1998). Even though increases
from prethaw levels are considerable, for both natural and sim-
ulated thaws, P, ., plateaued at only 37% of the mean photosyn-
thetic rate reported for red spruce during the growing season.
Thus, even though shoots were provided with near-optimal en-
vironmental conditions, and despite any thaw-induced changes
in physiology, significant limitations to photosynthesis remained.

MECHANISM(S) OF THAW-INDUCED INCREASES IN
PHOTOSYNTHESIS

Although the physiological mechanisms responsible for thaw-
associated increases in photosynthesis have received little study,
the rapidity of thaw-induced increases in P, tends to exclude
certain mechanisms (Schaberg et al., 1998). For example, alter-
ations in thylakoid membrane composition and associated elec-
tron transport (Oquist, 1982), and reductions in chlorophyll con-
tent (Martin et al.,, 1978) have all been causally linked to the
low photosynthetic rates typical of winter. However, it does not
seem likely that these types of anatomical and/or physiological
limitations would be rapidly reversible. In contrast, thaw-asso-
ciated improvements in water relations and ensuing changes in
physiology may better account for rapid increases in P, ob-
served by Schaberg et al. (1998).

Some evidence suggests that improvements in water avail-
ability precede the thaw-induced increases in photosynthesis re-
ported for red spruce. Schaberg et al. (1996) found that red
spruce seedlings exposed to a simulated thaw experienced large
increases in xylem pressure potential at least 2 d before average
net photosynthetic rates were positive. For these seedlings, xy-
lem pressure potential and net photosynthesis values were pos-
itively correlated for the transitional period from net respiration
to net photosynthesis, but were not correlated thereafter. Differ-
ences in the speed of the photosynthetic response to thaw for
intact shoots (Schaberg et al., 1995, 1996) compared to rehy-
drated shoots (Schaberg et al., 1998) may also indicate that im-
proved water relations are an important prerequisite for thaw-
induced increases in photosynthesis. Although improved water



relations may be important to the photosynthetic response to
thaw, thaw-associated increases in photosynthesis are probably
not mediated through changes in stomatal aperture (Schaberg et
al., 1995, 1996, 1998). Increases in net photosynthesis for intact
shoots during natural (Schaberg et al., 1995) and simulated
thaws (Schaberg et al., 1996), and increases in P, for cut/re-
hydrated shoots brought indoors (Schaberg et al., 1998) all oc-
curred without corresponding increases in stomatal conductance.
Instead, thaw-induced increases in photosynthesis could occur
following improvements in water relations and the partial rever-
sal of nonstomatal limitations to photosynthesis (e.g., reductions
in electron transport, photophosphorylation, enzyme activity, and
mesophyll conductance resulting from low water availability). In
addition, disruptions in chloroplast structure documented during
winter (Perry and Baldwin, 1966; Senser et al., 1975; Fincher
and Alscher, 1992) could be eased as thaw-induced rehydration
allowed for conformational changes and enhanced function of
protein and membrane components of the photosynthetic system.

INCREASES IN CARBON STORES DURING THAWS

Whatever the physiological mechanism for thaw-induced in-
creases in winter photosynthesis, its occurrence is of potential
ecological significance, especially if photosynthesis results in
measurable carbon gain. An increase in sugar concentrations
within older ( = 1 yr old) needles of native red spruce seedlings
following a winter thaw was recently documented (Schaberg et
al., 2000). This increase occurred without any reduction in foliar
starch concentrations and without significant reductions in sugar
or starch levels in new needles, stems or roots. This increase in
sugar concentrations could have occurred through conversions
from a noncarbohydrate fraction. However, because it occurred
in association with a protracted thaw (the very circumstance for
which winter photosynthesis has been documented for red
spruce), it seems more likely that this increase in foliar sugars
resulted from photosynthetic carbon fixation.

Additional evidence that photosynthesis during thaws can in-
crease red spruce carbon stores was recently collected in my
laboratory. We measured midwinter P,,,, foliar sugar and starch
concentrations of current- and year-old shoots from eight red
spruce trees growing in a Vermont plantation following a period
of sustained cold (12 d with mean air temperatures below 0°C
prior to sample collection in February 1997). Gas exchange was
measured at two times: immediately as shoots came in from the
field (0-h measurement) and again on the same shoots after 2 d
of simulated thaw conditions (300 * 25 pmol m~2 s~! PAR and
17°C) (48-h measurement). These thaw conditions can signifi-
cantly increase the P, of red spruce current-year foliage within
3 h (Schaberg et al., 1998). However, the time required for mea-
surable thaw-induced increases in foliar carbohydrates had not
previously been determined. We chose 48 h as the duration of
thaw treatment because preliminary calculations indicated that
photosynthetic capture could result in measurable carbon gains
during this time, and because natural winter thaws often exceed
2 d in length (Strimbeck et al., 1995; Schaberg et al., 1998).
Thaw-associated increases in sugar concentrations can occur
preferentially in older red spruce foliage, although it is unknown
how differences in P, among foliar age classes may contribute
to this (Schaberg et al., 2000). We simultaneously measured P,,,,
of current-year and year-old foliage using separate, isolated cu-
vettes to assess potential differences in carbon capture between
these tissues during a thaw. The base of each shoot containing
both current-year and year-old foliage was cut under water and
attached to a supply of distilled water using latex tubing to main-

TABLE 1

Means (standard errors) of photosynthetic capacities (P,,) and

carbohydrate concentrations for current-year and year-old foliage

of red spruce prior to (0 h, P, only) and following (48 h) sim-
ulated winter thaw (48 h at approximately 17°C)

Carbohydrate concentration (mg/g)

Total
Foliar P, (wumol m=2s7') sugar Sucrose Glucose Fructose Starch
age class 0 hours 48 hours 48 hours
Current-
year -0.09 4.82 114 40 30 44 15
0.13) (09D (6.33) (2.87) (2.28) (2.89) (1.56)
Year-old 0.10 3.15 90 32 23 35 13
(0.11)  (0.40) 8.01) (3.34) (2.69) (247) (.09
P=x* 0.65 0.01 0.04 0.01 0.07 0.04 0.07

* Statistical differences were determined using #-tests.

tain hydration. Schaberg et al. (1998) provides a complete de-
scription of P, methodologies. Immediately following the 48
h P,, measurement, foliage was frozen in liquid nitrogen,
freeze-dried, ground, and stored at —60°C prior to carbohydrate
analysis. Cuticular waxes were extracted using hexane, and sol-
uble sugars were extracted using 80% ethanol (Hinesley et al.
1992). The remaining pellet was further processed and enzy-
matically analyzed for starch using the methods of Hendrix
(1993). Chlorophyll was removed from the ethanol supernatant
via filtration, and subsamples of supernatant were enzymatically
assessed for sucrose, glucose, and fructose (Hendrix, 1993). T-
tests were used to test for differences in P,,,, sugar, and starch
means between foliar age classes.

Results of this study (Table 1) support previous findings that
red spruce foliage shows little photosynthetic activity when ac-
climated to ambient subfreezing temperatures (P, at 0 h), but
can greatly increase in photosynthetic capacity under prolonged
thaw conditions (P, at 48 h). New to this study, however, is
an indication that the response to thaw is not equal for all foliar
age classes: the increase in P, was greater (P < 0.01) for cur-
rent-year than year-old foliage. In fact, mean P, of current-year
shoots at 48 h was approximately 72% of the mean photosyn-
thetic rate reported for red spruce during summer (Gage and
DeHayes, 1992). Red spruce current-year foliage typically have
comparable starch, but lower sugar concentrations than older fo-
liage during winter (Schaberg et al., 2000). However, we found
that current-year foliage had higher sugar (P = 0.05) and starch
(P = 0.07) concentrations than did year-old foliage following 48
h of simulated thaw (Table 1). The atypically high carbohydrate
concentrations in current-year foliage following 48 h of thaw
was likely a result of the higher photosynthetic rates achieved
by this foliage relative to older needles. The buildup of carbo-
hydrates within current-year foliage could depict an early stage
of carbohydrate distribution during thaw, although this pattern
could also result from limited carbohydrate transport from nee-
dles due to a lack of distal sinks for these cut-shoots. Whatever
the cause for observed patterns, these data raise questions about
whether additions to the already high carbohydrate concentra-
tions measured further inhibit photosynthetic activity during
winter; current-year foliage had higher photosynthetic rates and
higher sugar concentrations than year old foliage.

Neither evidence from the field (Schaberg et al., 2000) nor
the results of this study (Table 1) provides definitive proof that
thaw-induced increases in photosynthesis result in meaningful

P. G. SCHABERG / 377



Climate change increases the number, duration and/or intensity
of winter thaws.

Trade-off

=

Potentially beneficial (increased carbon capture) and

detrimental (reduced cold tolerance) changes in physiology occur.

Post-thaw scenario 1

Uniform warming with
few freezing stresses.

Positive outcome

Red spruce benefit from
greater carbon capture with a
low risk of freezing injury.

FIGURE 1.

Post-thaw scenario 2

Contemporary freezing
stresses persist.

Negative outcome

Any benefit of winter
photosynthesis may be offset
when freezing injury results

in foliar loss.

Potential response of red spruce to a warmer winter climate. The consequence of thaw-

induced changes in physiology could depend on trends in ambient temperatures following thaws.

carbon gains for red spruce. However, together these data sup-
port the hypothesis that measurable carbon gains can occur dur-
ing thaws.

THAW-INDUCED DEHARDENING AND POTENTIAL
CLIMATE CHANGE

In addition to increased photosynthesis, red spruce also de-
harden during winter thaws. Several studies have documented
reductions in cold tolerance up to 14°C for red spruce seedlings
exposed to simulated thaws (5-10°C) for 4 to 5 d (DeHayes,
1992; Schaberg et al., 1996). Furthermore, Strimbeck et al.
(1995) found mature montane red spruce dehardened an average
of 9°C after only 3 d of exposure to ambient above-freezing (0—
10°C) temperatures. Importantly, this dehardening persisted for
up to 19 d after resumption of ambient air temperatures consis-
tently below 0°C (Strimbeck et al., 1995). Red spruce attain a
maximum cold hardiness that is barely sufficient to escape freez-
ing injury at the lowest temperatures encountered during most
winters (DeHayes, 1992; DeHayes et al., 1999). Thus, preco-
cious dehardening could greatly increase the risk of freezing in-
jury if a thaw is followed by low temperatures, or if foliage is
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subjected to other types of cold stress such as rapid freezing
(Perkins and Adams, 1995) or repeated cycles of freezing and
thawing (Lund and Livingston, 1998).

The co-occurrence of changes in photosynthesis and cold har-
diness during thaws raises interesting questions regarding the ecol-
ogy and survival of red spruce. Because both potentially beneficial
(increased carbon capture) and potentially detrimental (reduced
cold hardiness) changes in physiology can occur, the response of
red spruce to thaw could be characterized as a tradeoff, with the
adaptive consequences of thaw-induced changes in physiology de-
pendent upon long-term probabilities of costs versus benefits.

This tradeoff could be particularly meaningful within the con-
text of potential climate change. Anthropogenic climatic warm-
ing could have broad impacts on the health and distribution of
forest trees (Krauchi, 1993), with montane trees, and species
with limited genetic diversity, among the groups most likely to
be affected (Krauchi, 1993). The distribution (Blum, 1990) and
unusually low genetic variability (DeHayes and Hawley, 1992;
Hawley and DeHayes, 1994) of red spruce may place this species
at particular risk. However, the specific impacts of climate
change would likely depend on the mix of environmental chang-
es experienced (Fig. 1). For example, if the number or duration



of winter thaws increases, but winter low temperatures are also
moderated, then red spruce might benefit from enhanced carbon
capture without an increased risk of freezing injury. However, it
is more commonly predicted that pollution-induced climate
change could cause winter thaws to become increasingly com-
mon while existing low temperature extremes persist (Mac-
Cracken et al., 1991). Under this scenario, the increased risk of
freezing injury following thaw could offset any physiological
benefit of winter carbon capture. In fact, if thaw-induced reduc-
tions in cold tolerance resulted in greater foliar mortality, this
loss would decrease potentials for carbon capture and remove
access to carbon reserves within lost foliage. Thus, thaw-asso-
ciated alterations in physiology could actually deplete plant car-
bon stores.

The consequences of climate change on the health and distri-
bution of red spruce are particularly uncertain when considered
in conjunction with the potential impacts of other pollution-in-
duced stresses. For example, even if northern climates become
uniformly warmer during winter, acid mist-induced reductions
in hardiness (DeHayes et al., 1999) could cause red spruce to be
vulnerable to freezing injury at temperatures currently thought
to be safe. In addition, pollution-induced alterations in mineral
nutrition may disrupt growing season energy relations (Mc-
Laughlin and Kohut, 1992) which, in turn, could alter the adap-
tive significance of cold season carbon capture. Likely exposures
to heterogeneous mixes of pollution and temperature perturba-
tions, along with red spruce’s comparatively low genetic diver-
sity (which may limit its ability to respond to changing environ-
mental stresses), greatly complicate our ability to reliably predict
the response of this species to warming winter climates. None-
theless, experimental evidence of the combined influence of pol-
lutant exposures and variable winter temperatures on red spruce
cold tolerance and energy relations is needed so that adaptive
outcomes of likely environmental change scenarios can be mod-
eled and evaluated.

Acknowledgments

I thank Paula Murakami for her considerable research assis-
tance and her help with this manuscript. I also thank Drs. M. T.
Tyree (USDA Forest Service), D. H. DeHayes, J. R. Donnelly,
B. Etherton, and T. D. Perkins (The University of Vermont) for
reviewing an earlier draft of this manuscript. Special thanks are
owed to J. B. Shane and G. J. Hawley (The University of Ver-
mont) for their valuable inputs to the research described in this
paper.

References Cited

Blum, B. M., 1990: Picea rubens Sarg. Red spruce. In Burns R.
M. and Honkala B. H. (eds.), Silvics of North America. Vol.
1. Agricultural Handbook 645. U.S.D.A. Forest Service,
Washington, D.C, 250-259.

Cook, E. R. and Zedaker, S. M., 1992: The dendroecology of
red spruce decline. In Eagar C. and Adams M. B. (eds.), The
Ecology and Decline of Red Spruce in the Eastern United
States. New York: Springer-Verlag, 192-231.

Day, T. A., DeLucia E. H.,, and Smith W. K., 1989: Influence of
cold soil and snowcover on photosynthesis and leaf conduc-
tance in two Rocky Mountain conifers. Oecologia, 80: 546—
552.

Day, T. A., Heckathorn S. A., and DeLucia E. H., 1991: Limi-
tations of photosynthesis in Pinus taeda L. (Loblolly pine) at
low soil temperatures. Plant Physiology, 96: 1246-1254.

DeHayes, D. H., 1992: Winter injury and developmental cold

_—

The Ecology and Decline of Red Spruce in the Eastern United
States. New York: Springer-Verlag, 296-337.

DeHayes, D. H. and Hawley G. J., 1992: Genetic implications
in the decline of red spruce. Water, Air and Soil Pollution, 62:
233-248.

DeHayes, D. H., Schaberg, P. G., Hawley, G. J., and Strimbeck,
G. R, 1999: Acid rain impacts calcium nutrition and forest
health. BioScience, 49: 789-800.

DeLucia, E. H., 1987: The effect of freezing nights on photo-
synthesis, stomatal conductance, and internal CO, concentra-
tion in seedlings of Engelmann spruce (Picea engelmannii Par-
ry). Plant Cell and Environment, 10: 333-338.

DeLucia, E. H.,, Day, T. A., and Oquist G., 1991: The potential
for photoinhibition of Pinus silvestris L. seedlings exposed to
high light and low soil temperature. Journal of Experimental
Botany, 42: 611-617.

Epron, D. and Dreyer, E., 1992: Effects of severe dehydration
on leaf photosynthesis in Quercus petraea (Matt.) Liebl.: pho-
tosystem II efficiency, photochemical and nonphotochemical
fluorescence quenching and electrolyte leakage. Tree Physi-
ology, 10: 273-284.

Fincher, J. and Alscher, R. G., 1992: The effect of long-term
ozone exposure on injury in seedlings of red spruce (Picea
rubens Sarg.). New Phytologist, 120: 49-59.

Foyer, C. H., 1988: Feedback inhibition of photosynthesis
through source-sink regulation in leaves. Plant Physiological
Biochemistry, 26: 483—-492.

Fry, D. J. and Phillips I. D. J., 1977: Photosynthesis of conifers
in relation to annual growth cycles and dry matter production.
II. Seasonal photosynthetic capacity and mesophyll ultrastruc-
ture in Abies grandis, Picea sitchensis, Tsuga heterophylla and
Larix leptolepis growing in S.W. England. Physiologia Plan-
tarum, 40: 300-306.

Gage, S. F and DeHayes, D. H., 1992: Variation in seasonal
patterns of photosynthesis among red spruce and balsam fir
provenances. In DeHayes, D. H. and Hawley, G. J. (eds.),
Proceedings of the First Northern Forest Genetics Confer-
ence. Burlington: University of Vermont, 109-120.

Gezelius, K. and Hallén, M. 1980: Seasonal variation in ribulose
bisphosphate carboxylase activity in Pinus silvestris. Physiol-
ogia Plantarum, 48: 88-98.

Grieu, P, Guehl J. M,, and Aussenac G., 1988: The effects of
soil and atmospheric drought on photosynthesis and stomatal
control of gas exchange in three coniferous species. Physiol-
ogia Plantarum, 73: 97-104.

Harrington, T. B., Pabst R. J., and Tappeiner, J. C., 1994: Sea-
sonal physiology of Douglas-fir saplings: response to micro-
climate in stands of tanoak or Pacific madrone. Forest Science,
40: 59-82.

Hawley, G. J. and DeHayes, D. H., 1994: Genetic diversity and
population structure of red spruce (Picea rubens). Canadian
Journal of Botany, 72: 1778-1786.

Hendrix, D. L., 1993: Rapid extraction and analysis of nonstruc-
tural carbohydrates in plant tissue. Crop Science, 33: 1306—
1311.

Hinesley, L. E., Pharr D. H., Snelling L. K., and Funderburk, S.
R., 1992: Foliar raffinose and sucrose in four conifer species:
relationship to seasonal temperature. Journal of the American
Society of Horticultural Sciences, 117: 852-855.

Jurik, T. W, Briggs G. M., and Gates, D. M., 1988: Springtime
recovery of photosynthetic activity of white pine in Michigan.
Canadian Journal of Botany, 66: 138-141.

Kaiser, W. M., 1987: Effects of water deficit on photosynthetic
capacity. Physiologia Plantarum, 71: 142-149.

Kimura, M., 1969: Ecological and physiological studies on the
vegetation of Mt. Shimagare. VII. Analysis of production pro-
cesses of young Abies stand based on the carbohydrate econ-
omy. Botanical Magazine, Tokyo, 82: 6-19.

tolerance in red spruce. In Eager, C. and Adams, M. B. (eds.), =+ Kincaid, D. T. and Lyons, E. E., 1981: Winter water relations of

P. G. SCHABERG / 379



red spruce on Mount Monadnock, New Hampshire. Ecology,
62: 1155-1161.

Kramer, P. J., 1983: Water Relations of Plants. New York: Ac-
ademic Press. 489 pp.

Krapp, A., Bettina, H., Schafer, C., and Stitt, M., 1993: Regu-
lation of the expression of rbsS and other photosynthetic genes
by carbohydrates: a mechanism for the ‘sink regulation’ of
photosynthesis? Plant Journal, 3: 817-828.

Kriuchi, N., 1993: Potential impacts of a climate change on
forest ecosystems. European Journal of Forest Pathology, 23:
28-50.

Lund, A. E. and Livingston, W. H., 1998: Freezing cycles en-
hance winter injury in Picea rubens. Tree Physiology 19: 65—
69.

MacCracken, M., Cubasch, U., Gates, W. L., Harvey, L. D,
Hunt, B., Katz, R., Lorenz, E., Manabe, S., McAvaney, B.,
McFarlane N., Meehl G., Meleshko, V., Robock, A., Stenchi-
kov, G., Stouffer, R., Wang, W-C., Washington, W., Watts, R.,
and Zebiak, S., 1991: A Critical Appraisal of Model Simula-
tions. In Schlesinger, M. E (ed.), Greenhouse-Gas-Induced
Climatic Change: A Critical Appraisal of Simulations and Ob-
servations. Developments in Atmospheric Science 19. Am-
sterdam: Elsevier, 583-591.

Martin, B., Martensson O., and Oquist G. 1978: Seasonal effects
on photosynthetic electron transport and fluorescence proper-
ties in isolated chloroplasts of Pinus silvestris. Physiologia
Plantarum, 44: 102-109.

Martin, B. and Ruiz-Torres, N. A., 1992: Effects of water-deficit
stress on photosynthesis, its components and component lim-
itations, and on water use efficiency in wheat (Triticum aes-
tivum L.). Plant Physiology, 100: 733-739.

Matyssek, R., 1986: Carbon, water and nitrogen relations in ev-
ergreen and deciduous conifers. Tree Physiology, 2: 177-187.

McLaughlin, S. B. and Kohut, R. J., 1992: The effects of at-
mospheric deposition and ozone on carbon allocation and as-
sociated physiological processes in red spruce. In Eager, C.
and Adams, M. B. (eds.), The Ecology and Decline of Red
Spruce in the Eastern United States. New York: Springer-Ver-
lag, 338-382.

McGregor, W. H. D. and Kramer, P. J., 1963: Seasonal trends in
rates of photosynthesis and respiration of loblolly pine and
white pine seedlings. American Journal of Botany, 50: 760—
765.

Oquist, G., Brunes, L., Hillgren, J., Gezelius, K., Hallén, M.,
and Malmberg, G., 1980: Effects of artificial frost hardening
and winter stress on net photosynthesis, photosynthetic elec-

380 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

—

tron transport and RuBP carboxylase activity in seedlings of
Pinus silvestris. Physiologia Plantarum, 48: 526-531.

Oquist, G., 1982: Seasonally induced changes in acyl lipids and
fatty acids of chloroplast thylakoids of Pinus silvestris. Plant
Physiology, 69: 869-875.

Parker, J., 1963: Causes of the winter decline in transpiration
and photosynthesis in some evergreens. Forest Science, 9:
158-166.

Perkins, T. D. and Adams, G. T., 1995: Rapid freezing induces
winter injury symptomatology in red spruce foliage. Tree
Physiology, 15: 259-266.

Perry, T. O. and Baldwin, G. W., 1966: Winter breakdown of the
photosynthetic apparatus of evergreen species. Forest Science,
12: 298-300.

Schaberg, P. G., Wilkinson, R. C., Shane, J. B., Donnelly, J. R.,
and Cali, P. E, 1995: Winter photosynthesis of red spruce from
three Vermont seed sources. Tree Physiology, 15: 354-350.

Schaberg, P. G., Shane, J. B, Hawley, G. J., Strimbeck, G. R,
DeHayes, D. H., Cali, P. F, and Donnelly, J. R., 1996: Phys-
iological changes in red spruce seedlings during a simulated
winter thaw. Tree Physiology, 16: 567-574.

Schaberg, P. G., Shane, J. B., Cali, P E, Donnelly, J. R., and
Strimbeck, G. R., 1998: Photosynthetic capacity of red spruce
during winter. Tree Physiology, 18: 271-276.

Schaberg, P. G., Snyder, M. C., Shane, J. B., and Donnelly, J.
R., 2000: Seasonal patterns of carbohydrate reserves in red
spruce seedlings. Tree Physiology, 20: 549-555.

Schulze, E. D., Fuchs, M., and Fuchs, M. L., 1977: Spacial dis-
tribution of photosynthetic capacity and performance in a
mountain spruce forest of northern Germany. III. The signifi-
cance of the evergreen habit. Oecologia, 30: 239-248.

Senser, M., Schétz, F, and Beck, E., 1975: Seasonal changes in
structure and function of spruce chloroplasts. Planta, 126: 1-
10.

Sharkey, T. D. and Badger, M. R., 1982: Effects of water stress
on photosynthetic electron transport, photophosphorylation,
and metabolite levels of Xanthium strumarium mesophyll
cells. Planta, 156: 199-206.

Sprugel, D. G., 1989: The relationship of evergreenness, crown
architecture, and leaf size. American Naturalist, 133: 465-479.

Strimbeck, G. R., Schaberg, P. G., DeHayes, D. H., Shane, J. B.,
and Hawley, G. J., 1995: Midwinter dehardening of montane
red spruce during a natural thaw. Canadian Journal of Forest
Research, 25: 2040-2044.

Teskey, R. O., Hinkley, T. M., and Grier, C. C., 1984: Temper-
ature-induced change in the water relations of Abies amabilis
(Dougl.) Forbes. Plant Physiology, 74: 77-80.



	Cover Page
	Article Contents
	p. 375
	p. 376
	p. 377
	p. 378
	p. 379
	p. 380

	Issue Table of Contents
	Arctic, Antarctic, and Alpine Research, Vol. 32, No. 4, Nov., 2000
	Volume Information [pp.  496 - 503]
	Front Matter
	Life at the Cold Limit: Plant Processes at Near- and Below-Freezing Temperatures: An Ecological Society of America Symposium
	Preface [p.  367]
	Effect of Daily Minimum Temperature on Photosynthesis in Eastern Hemlock (Tsuga canadensis L.) in Autumn and Winter [pp.  368 - 374]
	Winter Photosynthesis in Red Spruce (Picea rubens Sarg.): Limitations, Potential Benefits, and Risks [pp.  375 - 380]
	Photosynthesis and Freezing Avoidance in Ohia (Metrosideros polymorpha) at Treeline in Hawaii [pp.  381 - 387]
	Differences in Microsite, Plant Form, and Low-Temperature Photoinhibition in Alpine Plants [pp.  388 - 396]
	Winter Hydraulic Conductivity and Xylem Cavitation in Coniferous Trees from Upper and Lower Treeline [pp.  397 - 403]
	Early Spring Nitrogen Uptake by Snow-Covered Plants: A Comparison of Arctic and Alpine Plant Function under the Snowpack [pp.  404 - 411]

	Landscape Trends (1753-1993) of Whitebark Pine (Pinus albicaulis) Forests in the West Big Hole Range of Idaho/Montana, U.S.A. [pp.  412 - 418]
	A Coherent Postglacial Tree-Limit Chronology (Pinus sylvestris L.) for the Swedish Scandes: Aspects of Paleoclimate and "Recent Warming," Based on Megafossil Evidence [pp.  419 - 428]
	The Distribution of Freshwater Chironomidae (Insecta: Diptera) across Treeline near the Lower Lena River, Northeast Siberia, Russia [pp.  429 - 437]
	Current and Future Costs of Reproduction in Oxytropis sericea, a Perennial Plant from the Colorado Rocky Mountains, U.S.A. [pp.  438 - 448]
	Population Structure of Three Dominant Sedges under Muskox Herbivory in the High Arctic [pp.  449 - 455]
	Streamflow and Suspended Sediment Transfer to Lake Sophia, Cornwallis Island, Nunavut, Canada [pp.  456 - 465]
	Geomorphology, Sediment Budget, and Relief Development in Austdalur, Austfirðir, East Iceland [pp.  466 - 477]
	Variability of Sediment Yield from a High Mountain Catchment, Central Spanish Pyrenees [pp.  478 - 484]
	Dynamic Features of Thinning and Retreating Glaciar Upsala, a Lacustrine Calving Glacier in Southern Patagonia [pp.  485 - 491]
	Book Reviews
	untitled [p.  492]
	untitled [pp.  492 - 493]

	Erratum: Altitudinal Differences in Organic Matter Mass Loss and Fungal Biomass in a Subalpine Coniferous Forest, Mt. Fuji, Japan [pp.  494 - 495]
	Back Matter





