Acid Rain Impacts on Calcium
Nutrition and Forest Health

Alteration of membrane-associated calcium leads to membrane
destabilization and foliar injury in red spruce

Donald H. DeHayes, Paul G. Schaberg, Gary J. Hawley, and G. Richard Strimbeck

orest ecosystems throughout
the world are exposed to acid

rain, a complex solution con-

sisting largely of H*, SO,*, NH,*,

and NO,; pollutantions derived from
sulfur and nitrogen oxides. Although
the public in the United States may
view acid deposition as a localized
pollution issue specific to certain re-
gions of North America and north-
ern Europe, recent evidence of acidic
deposition throughout much of Asia,

! including tropical forest regions, has
demonstrated that acid deposition is
actually a global phenomenon (Abate
1995).

Furthermore, despite downward
trends in sulfate concentrations as-
sociated with reductions in sulfur
dioxide emissions mandated by the
1990 Clean Air Act Amendments,
the acidity of precipitation in eastern
North America does not seem to be
decreasing (Scherbatskoy et al. in
press). For example, over the course
of 10 fog events on the summit of
Mt. Mansfield, Vermont (elevation
1237 m), during summer 1998, the
cloud water had an average pH of
2.8, with several events of pH 2.1-
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The stress response
system and overall health
of montane coniferous
forest ecosystems may be
compromised by a subtle
but persistent acid-
“induced alteration of
membrane-associated
calcium

2.5 (Sean Lawson and Timothy
Scherbatskoy, personal communica-
tion, data on file at the School of
Natural Resources, The University
of Vermont). The median and mini-
mum cloud water pH values from
Mt. Mansfield are more acidic than
comparable summer measurements
made on nearby Whiteface Moun-
tain, New York (elevation 1483 m),
from 1982 to 1987 (pH 3.4-3.8;
Mohnen 1992). These findings col-
lectively highlight the severity of
cloud water acidity engulfing mon-
tane forests in the eastern United
States and the ongoing nature of acid
deposition. The prevalence and per-
sistence of acid deposition has fueled
public concern about the widespread
impact of acid rain on forest health.

It is now well documented that
anthropogenic changes in precipita-
tion chemistry and acidity have oc-
curred over the past several decades

in North America. In addition, acid
deposition—-induced leaching, deple-
tion, and cycling disruption of cal-
cium in forest soils has recently been
demonstrated (Lawrence etal. 1995,
Likens et al. 1996, 1998). Cumula-
tive estimates show that, as a result
of acid deposition, the pool of cal-
cium in the soil complex may have
shrunk by as much as 50% during
the past 45 years (Likens etal. 1996),
areduction that may have long-term
implications even if the acidity of
precipitation begins to ameliorate
over time. Despite these well-docu-
mented and substantial physical
changes, the extent and nature of the
impact of these belowground changes
on forest ecosystem health has been
uncertain or only speculative. The
National Acid Precipitation Assess-
ment Program (NAPAP), in its 1992
Report to Congress (NAPAP 1992),
declared that “there remains no evi-
dence of a general, widespread de-
cline of forest tree species caused by
acidic deposition.” However, the
report did conclude that “acidic
deposition has been firmly implicated
as a causal factor in northeastern
high-elevation red spruce decline”
(NAPAP 1992).

Indeed, numerous field and labora-
tory studies have demonstrated that
red spruce (Picea rubens) has suffered
widespread freezing injury (Peartetal.
1991, DeHayes 1992), growth reduc-
tions (Cook and Zedaker 1992), and
mortality (Johnsonetal. 1986,1992,
1996) over the past 40 years. The
cause(s) of enhanced freezing injury
and decline of red spruce, including
the possible influence of air pollution,
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Table 1. Estimates of midwinter cold tolerance for current-year foliage of red spruce from northern US populations.

Location Date Number of trees Injury temperature (°C)>  Reference

Whiteface Mountain, NY January 1987 20 LT,, =-37* Sheppard et al. 1989

Upper Jay, NY January 1988 9 T.=-42 DeHayes 1992
Nesowdnahunk Lake, ME January 1990 10 T, =-41° Hadley and Amundson 1992
Camel’s Hump Mountain, VT January 1992 5 LT,, = -46° Perkins et al. 1993

Mt. Mansfield, VT January 1995 10 T, =-47 Strimbeck et al. 1995

Mt. Mansfield, VT January 1996 60 T, =-42 Schaberg et al. in press a

*LT 10,00 is the temperature associated with 10% or 20% foliar freezing injury, T, is the highest temperature at which statistically significant
increase in freezing injury is detected, and T, is the temperature associated with the increase in slope of the injury response curve.

PEstimated from Sheppard et al. 1989.

were a major focus of NAPAP’s Forest
Response Program and have been stud-
ied intensively in both North America
and Europe. Red spruce decline has,
in fact, become synonymous with
acid rain throughout much of the
Northern Hemisphere.

Despite this general association,
an empirically based physiological
understanding of and explanation
for red spruce decline have not been
established. Several potential broad-
based explanations have been pro-
posed. For instance, perturbation of
calcium nutrition has been identified
as a potential stress factor contribut-
ingto red spruce decline (Shortle and
Smith 1988, McLaughlinetal. 1993,
Lawrence et al. 1995). Specifically,
it has been proposed that aluminum
that is mobilized in mineral soil by
acid deposition reduces soil storage
of calcium and its availability for
root uptake (Shortle and Smith 1988,
Bondietti et al. 1990, Lawrence et al.
1995). The resulting calcium defi-
ciencies might be expected to lead to
the reductions in Ca:Al ratios, sap-
wood area, and live crown volumes
that are evident in some red spruce
trees (Shortle and Smith 1988), leav-
ing trees more vulnerable to second-
ary stresses, such as diseases, insect
pests, and freezing stress. Acid-induced
reductions in foliar calcium concen-
trations of red spruce in the southern
Appalachians have also been linked
to increases in dark respiration and
reductions in net photosynthesis,
which could also contribute to de-
cline symptoms (McLaughlin et al.
1991, 1993). An alternative expla-
nation for the effects of acid rain on
red spruce (Sheppard 1994) holds
that exposure of trees to elevated
$O,* in acid rain may alter carbon
metabolism of trees by consuming
energy associated with sequestering
$O,*ions and repairing injury that a
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buildup of these ions might cause to
membrane proteins. The “cost” of
such carbon allocation is expected to
be physiological impairment and in-
creased vulnerability to secondary
stresses, including freezing stress.

Whatever the mechanism for red
spruce decline, a strong direct link
between freezing injury and red spruce
decline has been established in north-
ern montane regions of the red spruce
geographic range (DeHayes et al.
1990, DeHayes 1992, Johnson et al.
1996). The link is so strong that red
spruce decline is actually attributed
to freezing injury in northern re-
gions (Wilkinson 1990, Tobi et al.
1995). Freezing injury results in a
loss of foliage critical for photosyn-
thate production and storage, and it
leads to the reduced basal area, height
growth, and live crown volume typi-
cal of the red spruce decline syn-
drome (Wilkinson 1990, DeHayes
1992, Tobi et al. 1995). Historical
evidence and analysis indicate that
the frequency of freezing injury epi-
sodes in red spruce forests has in-
creased over the past 40 years (Fried-
land et al. 1984, DeHayes 1992,
Johnson et al. 1992, 1996), a period
that coincides with increased emis-
sions of sulfur and nitrogen oxides
and acid deposition.

Although much has been learned
about the ecology and decline of red
spruce (e.g., Barnard et al. 1990,
Eagar and Adams 1992, NAPAP
1992, Johnson et al. 1996), includ-
ing freezing injury symptomology
and pathology, a clear understand-
ing of the physiological and environ-
mental causes of freezing injury in
red spruce has not emerged. In par-
ticular, an empirically supported
mechanism that explains how acid
rain might enhance freezing injury
susceptibility and lead to the dete-
rioration of forest health has been

lacking. In this article, we synthesize
existing and new information that
demonstrates acid rain alteration of
the foliar calcium pool specifically
associated with the plasma mem-
brane—cell wall compartment in red
spruce mesophyll cells. In addition,
we provide direct evidence that links
this physiological disruption to red
spruce freezing injury and decline
throughout eastern North America.
Finally, we consider the acid-induced
alteration of this particular physi-
ologically important pool of calcium
in the context of other hypotheses
for red spruce decline and discuss the
broad implications of alteration of
the foliar calcium pool to forest
health and well-documented soil cal-
cium depletion.

Freezing injury to red spruce

Despite early reports of “winter dry-
ing” or “desiccation” as causes of
the foliar dieback referred to as “win-
ter injury” in red spruce (Curry and
Church 1952, Pomerleau 1962,
Morgenstern 1969), it is now well
established that red spruce winter in-
jury is caused by subfreezing tempera-
tures (Strimbeck et al. 1991, Perkins
et al. 1991, DeHayes 1992). Red
spruce has been subjected to repeated,
severe, regionwide freezing injury for
many decades. In recent years, major
regionwide freezing injury events
have occurred at approximately 4-
year intervals on average, with mod-
erate, more localized injury occur-
ring in intervening years.
Numerous cold tolerance assess-
ments of red spruce have been con-
ducted over the past decade. Despite
varying procedures and sampling of
different northern montane popula-
tions, a remarkably consistent pattern
of midwinter maximum cold toler-
ance for red spruce has emerged.
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Laboratory studies indicate that the
average temperature at which cur-
rent-year needles of red spruce in
northern New England and New
York undergo freezing injury is in
the range of =37 °C to —47 °C (Table
1). Because controlled freezing envi-
ronments are thought to be less stress-
ful than natural conditions (Hadley
et al. 1996, Schaberg and DeHayes
in press), these laboratory freezing
studies probably overestimate the
cold tolerance of red spruce.

The most comprehensive assess-
ment of cold tolerance in red spruce,
which examined the January cold
tolerance of 60 native red spruce
trees across an elevational range on
Mt. Mansfield, revealed an average
injury temperature of—41.7°Cand a
range of —30 °C to —54 °C (Figure 1;
Schaberg et al. in press a). A signifi-
cant fraction of the trees (36 %) were
injured at temperatures warmer than
-39 °C (Schaberg et al. in press a).
Analysis of climatic records from
Mt. Mansfield over the past 44 years
indicates that temperatures rarely get
as low as -40 °C but that they drop
to as low as =35 °C and -30 °C in
approximately 30% and 91% of win-
ters, respectively (Figure 1). Thus,
during most winters in northern
montane habitats, ambient tempera-
tures approach the maximum cold
tolerance of at least some red spruce
trees, accentuating the unique sus-
ceptibility of red spruce to freezing
injury. Most northern coniferous spe-
cies, by contrast, have winter cold
tolerance levels well beyond minimum
ambient temperatures (DeHayes
1992). Freezing injury susceptibility
is greater for red spruce than sympa-
tric species, such as balsam fir (Abies
balsamea).

Freezing injury susceptibility of
red spruce is almost always limited
to current-year foliage, which is ap-
proximately 10 °C less tolerant of
freezing in winter than year-old foli-
age (DeHayes et al. 1990, DeHayes
1992). The difference in freezing tol-
erance between young and older
needles indicates that red spruce has
the physiological capacity to develop
greater cold tolerance. In fact, if cur-
rent-year needles of red spruce were
equal in cold tolerance to year-old
needles, then the species would es-
cape freezing injury in all but the
most severe winters. Considering the
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Figure 1. Winter tem- 120
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91% of winters

field. (a) Cumulative
frequencies of minimum
winter temperatures at
1200 m elevation over
a 44-year period. (b)
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ance of current-year
foliage, any environ- 10

mental disturbance,
such as acid rain,
that might reduce the
cold tolerance of fo-
liage by just a few
degrees would be ex-
pected to result in a
dramatic increase in
the frequency of freez-
ing injury.

Number of trees

-55
Acid rain and
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Considerable research has, in fact,
established that exposure of red
spruce foliage to both simulated
(Fowler et al. 1989, L’Hirondelle et
al. 1992, Waite et al. 1994) and
ambient (DeHayes et al. 1991, Vann
et al. 1992) acidic cloud water re-
duces the cold tolerance of current-
year foliage. Experiments that we
have conducted over several years
under both laboratory and field con-
ditions and involving mature trees as
well as seedlings have consistently
documented that exposure to acidic
mist reduces the midwinter freezing
tolerance of red spruce trees by 3-10
°C (Schaberg and DeHayes in press).
Cold tolerance reductions of this
magnitude are sufficient to explain
the widespread freezing injury to red
spruce observed in northern mon-
tane forests over the past 40 years
(DeHayes 1992, Johnson etal. 1996).
That is, if seasons of high acid depo-
sition loading reduced red spruce
cold tolerance by an average of 6-7
°C, then the reduction in average
cold tolerance—from -41.7 °C to
approximately =35 °C—would be ex-
pected to lead to freezing injury under
ambient conditions approximately ev-
ery 4 years on Mt. Mansfield (Figure

mean = -41.7

-40 -35

-50 -45
Cold tolerance (°C)

1). Acid deposition in the pH range
currently experienced would be es-
pecially problematic for northern
montane red spruce trees on the low
end of the cold tolerance range (i.e.,
36% of the red spruce trees on Mt.
Mansfield).

Potential involvement
of foliar calcium

To examine how atmospheric pollu-
tion has led to enhanced freezing
injury and the consequent decline of
red spruce forests, we have studied
the physiology of red spruce’s re-
sponse to acid deposition. In par-
ticular, we have examined acid mist—
induced alterations in calcium
physiology as a potential mechanism
for low-temperature injury in red
spruce foliage. Calcium is an abun-
dant element in trees and a major
cation in soil and surface waters.
Acid deposition has a substantial and
potentially long-lasting influence on
leaching, depletion, and cycling of
calcium in forest soils (Shortle and
Smith 1988, Lawrence et al. 1995,
Likens et al. 1996). Such findings
highlight the belowground and at-
mospheric implications of base cat-
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Figure 2. Relationships between foliar calcium concentration and midwinter cold
tolerance for 30-year-old red spruce trees in northwestern New Hampshire that
exhibit foliar calcium deficiency (less than 800 pg/g; Swan 1971) or are within the
normal range of foliar calcium (Schaberg and DeHayes in press).

ion depletion and altered nutrient
cycling. They also raise the possibil-
ity that acid deposition might have
profound effects on calcium physiol-
ogy of trees and overall forest health.
The potential effects of a reduction
in calcium reserves are especially ig-
triguing for red spruce, the one North
American tree species whose decline
has been firmly linked to inputs of

acid deposition (NAPAP 1992).
Empirical information has dem-
onstrated that red spruce trees with
very low foliar calcium concentra-
tions are less cold tolerant than trees
whose foliar calcium levels fall in the
normal range (Figure 2; Schaberg
and DeHayes in press). In fact, there
is a strong and significant positive
association between cold tolerance
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Figure 3. Relationships between foliar cal
current-year and year-old foliage of red sp
with histories of susceptibility or resistance

cium concentration and freezing injury for
ruce trees in northwestern New Hampshire
(Wilkinson 1990) to freezing injury (Donald

H. DeHayes, Paul G. Schaberg, Gary J. Hawley, George R. Strimbeck, unpublished data).
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and foliar calcium for trees exhibit-
ing foliar calcium deficiency, whereas
these parameters appear to be unre-
lated at higher calcium concentra-
tions (Figure 2). Among 30-year-old
red spruce trees growing in a low-
calcium soil in northern New Hamp-
shire, those trees that were consis-
tently susceptible to freezing injury
had significantly lower foliar cal-
cium concentrations in current-year,
but not year-old, foliage than frost-
resistant trees (Figure 3; Donald H.
DeHayes, Paul G. Schaberg, Gary J.
Hawley, George R. Strimbeck, un-
published data). Furthermore, ex-
perimental work has documented
that acid mist induces foliar calcium
leaching (Joslinetal. 1988, DeHayes
etal. 1991, McLaughlin et al. 1996,
Schaberg et al. in press b). Acid-
induced calcium deficiency has also
been proposed to cause dark respira-
tion increases and altered carbon me-
tabolism associated with red spruce
decline in the southern Appalachian
Mountains, where freezing injury is
not a problem (McLaughlin et al.
1990, 1991, 1993).

Acid-induced foliar leaching and cold
tolerance reductions. Exposing red
spruce trees to simulated acid mists
that consisted of a base solution with
an ionic composition patterned after
regional cloud chemistry and realis-
tic acidic pH levels (Schaberg and
DeHayes in press) consistently dem-
onstrated that calcium leaching from
current-year needles during autumn
(Figure 4a) was significantly greater
in response to pH 3.0 than to pH 5.0
mist additions. Calcium concentra-
tions were 2-10 times greater in
leachates of foliage exposed to the
more acidic mist. An in vitro experi-
ment designed to partition the source
of leached calcium showed that most
(approximately 85%) of the acid-
leached calcium was derived from
needles rather than stems and that
nearly 50% more calcium was
leached from current-year foliage
than from year-old foliage (Figure 5;
Schaberg and DeHayes in press).
Analysis of leachate also indicated
that pH 3.0-treated foliage assimi-
lated nearly 60 times more H* than
pH 5.0-treated needles. Further-
more, acid mist-induced calcium
losses were accompanied by signifi-
cantly greater membrane disruption
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(Figure 4c) and a 4-10 °C reduction
in freezing tolerance at pH 3.0 than
at pH 5.0 during late autumn and
winter subsequent to acid mist expo-
sure (Figure 4d). This result indi-
cates that acid mist has a direct nega-
tive impact on membrane stability
independent of low temperature, and
it points to the plasma membrane as
the potential site of acid-induced
calcium disruption.

Importance of membrane-associated
calcium. Although there were up to
10-fold differences in foliar calcium
leaching between pH treatments, we
have not detected a reduction in to-
tal calcium pools in foliage treated
with simulated acid mists that mimic
ambient pH levels and amounts (Fig-
ure 4b). However, calcium within
cells and tissues is highly compart-
mentalized, and this partitioning is
critical to its physiological function
in plants. The majority of the cal-
cium in conifer needles is insoluble
extracellular calcium oxalate and
pectate crystals, which are of little
physiological importance (Fink 1991).

In contrast, the labile calcium ions
in equilibrium within the plasma
membrane region (including some
freely displaced apoplastic calcium
from the cell wall) are of major physi-
ological importance. This pool of
membrane-associated Ca (mCa), al-
though a relatively small fraction of
total foliar ion pools, strongly influ-
ences the response of cells to chang-
ing environmental conditions (Hepler
and Wayne 1985, Dhindsa et al.
1993, Monroy et al. 1993, Sheen
1996). Because total foliar calcium
estimates primarily reflect the domi-
nant insoluble and immobile extra-
cellular calcium pool, these estimates
may mask relatively subtle, but criti-
cal, shifts in the labile and environ-
mentally sensitive mCa pool. Indeed,
recent experiments have demon-
strated the relative seasonal stability
of total foliar calcium pools com-
pared with mCa and the lack of asso-
ciation between mCa and total foliar
calcium pools (Figure 6; DeHayes et
al. 1997).In fact, foliar calcium con-
centrations are not an accurate indi-
cator of relative levels of mCa, espe-
cially for trees whose calcium
concentrations fall within the nor-
mal range (Swan 1971).

The plasma membrane of plants
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Figure 4. Impacts of acid mist treatment on physiological properties of red spruce.
Open bars, pH 3.0; solid bars, pH 5.0. (a) In vivo calcium leaching. (b) Total foliar
calcium. (c) Membrane stability as measured by cellular electrolyte loss. (d) Cold
tolerance from red spruce foliage (Schaberg and DeHayes in press). Treatment
means are either not significantly different (ns) or are significantly different at
P <0.05 (*) based on analyses of variance.

plays a critical role in mediating cold
acclimation and low-temperature
injury (Pomeroy and Andrews 1985,
Steponkus 1990). Membrane archi-
tecture influences solution movement
across membranes and the ability of
cells to resist dehydration, extracel-
lular ice damage, and, perhaps, in-
tracellular freezing during cold ac-
climation (Arora and Palta 1986,
1988, Guy 1990). Membrane-asso-
ciated calcium influences plasma
membrane structure and function,
stabilizing membranes and influenc-
ing permeability by bridging phos-
phate and carboxylate groups of
membrane phospholipids and proteins
(Figure 7; Palta and Li 1978, Legge et
al. 1982, Davies and Monk-Talbot
1990). Thus, mCa influences cold tol-
erance, at least in part, through its
effects on membrane structure.

The labile mCa pool {Atkinson et
al. 1990) also serves an important
role as a second messenger in the
perception and transduction of envi-
ronmental signals, including low tem-
perature (Figure 7; Hepler and Wayne
1985, Dhindsa et al. 1993, Monroy
et al. 1993, Sheen 1996). Thus, low

temperatures may trigger mCa trans-
port across the plasma membrane
into the cytoplasm, where calcium
interacts with biomolecules that help
regulate physiological responses to
freezing stress.

Seasonal changes in mCa. In addi-
tion to the considerable documenta-

Figure 5. Influence of pH 3.0 and pH 5.0
mists on in vitro calcium leaching of needles
of red spruce seedlings. CY, current-year
needles; YO, year-old needles; open bars,
needles plus twigs; solid bars, needles alone
(Schaberg and DeHayes in press).
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Figure 6. Relationship between total calcium and membrane-associated calcium
(mCa) concentrations for current-year foliage of red spruce seedlings (DeHayes et
al. 1997). Parameters are not significantly correlated (r = —0.14, P = 0.34).

tion of calcium’s general role in plant
cold hardiness physiology, additional
empirical data specifically implicate
mCa involvement in the developmen-
tal cold tolerance of red spruce. Un-
like total foliar calcium pools, mCa
pools in current-year, but not year-
old, needles are seasonally dynamic
and responsive to temporal environ-
mental changes that parallel seasonal
changes in membrane structure re-
lated to cold acclimation. For ex-
ample, late summer—early autumn
increases of mCa in current-year
needles (Figure 8; DeHayes et al.
1997) may reflect an increase in cal-
cium ion exchange sites associated
with short day-induced increases in
membrane phospholipids, whereas
apparent frost-initiated reductions in
mCa are most likely associated with
changes in the fatty acid composition
of membrane lipids (DeHayes et al.
1997) and perhaps with a role for
mCa in the perception and transduc-
tion of the low-temperature cold ac-
climation signal (Arora and Palta
1986, 1988, Guy 1990).

We have also documented abrupt,
albeit temporary, reductions in mCa
(Figure 8; DeHayes et al. 1997) and
freezing tolerance (Strimbeck et al.
1995) inred spruce current-year, but
not year-old, needles in response to a
midwinter thaw. After the thaw, both
mCa and freezing tolerance returned
to pre-thaw levels. Sequential changes
in mCa and cold tolerance levels, to-
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gether with the well-documented
changes in membrane structure in
leaf tissue of north temperate coni-
fers during cold acclimation (DeYoe
and Brown 1979, Senser and Beck
1982), strongly support the conten-
tion that mCa is important to cold
tolerance. Consequently, if acid mist
reduces mCa through calcium leach-
ing, then an alteration in membrane
function, low-temperature signal trans-
duction, and freezing injury suscepti-
bility (and perhaps sensitivity to other
stressors) would likely follow.

Perturbations to mCa versus total
foliar calcium pools. Efforts to un-
derstand the physiological role of
calcium in the reduced cold toler-
ance of acid mist-exposed red spruce
were previously impeded by the dif-
ficulty of generating meaningful mea-
sures of the critical mCa compart-
ment of the total foliar calcium pool.
We have now developed and tested a
protocol for measuring mCa in
woody plant tissue (Borer etal. 1997)
and have used it to evaluate the im-
pact of acid mist and soil solution
chemistry on red spruce physiology
and nutrition (Schaberget al. in press
b). We examined freezing tolerance,
mCa, total foliar calcium, and foliar
calcium leaching of red spruce trees
grown in a sand/perlite soil selected
forits low pretreatment calcium con-
tent (52 pg/g; Schaberg et al. in press
b). Plants were exposed in a factorial

arrangement to three treatments ex-
pected to result in biological calcium
perturbation: soil solution calcium
additions (0,25, 75, 0r 225 pmol/L);
soil solution aluminum (0 or 200
pmol/L), which can compete with
and inhibit calcium uptake by roots
(Shortle and Smith 1988); and pH 3.0
or pH 5.0 mist, which causes differen-
tial calcium leaching (Schaberg et al.
in press b).

Soil calcium additions enhanced
total foliar calcium concentrations
and increased rates of respiration
during the early growing season
(Schaberg et al. in press b). As ex-
pected, soil aluminum treatment in-
hibited the incorporation of calcium
and other cations, altered foliar gas
exchange throughout the growing
season, and reduced growth. Cal-
cium additions increased foliar cal-
cium incorporation but did not oth-
erwise alter aluminum treatment
effects; thus, the aluminum-induced
changes in physiology appear to be
direct and independent of foliar cal-
cium nutrition. Neither calcium nor
aluminum soil treatments had any
discernible impact on foliar calcium
leaching, mCa levels, or freezing tol-
erance, which implies that below-
ground manipulations of soil and
foliar calcium pools may not have
important physiological conse-
quences for red spruce trees.

In contrast to the soil treatments,
acid mist treatments had profound
physiological effects. Compared to
the pH 5.0 mist treatment, pH 3.0
mist applied to the entire plant, in-

"cluding soil, in summer and early

autumn resulted in foliar calcium
leaching and in consistent, signifi-
cant, and parallel reductions in late
fall and winter freezing tolerance
and mCa levels of current-year
needles (Table 2). Acid mist-induced
reductions in mesophyll cell mCa
were relatively minor in late summer
but reached a maximum of 35% be-
tween mist treatments by midwinter
(Table2), even though acid mist treat-
ment had been removed months ear-
lier. A similar pattern was evident
for the acid mist influence on cold
tolerance (Table 2).

Although soil calcium and alumi-
num manipulations influenced cal-
cium nutrition and physiology, these
soil-driven reactions alone did not
enhance foliar calcium leaching, al-
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ter mCa, or reduce freezing toler-
ance, which appear to be critical
precursors to red spruce decline in
northern montane forests. Changes
in foliar calcium from soil treatments
probably reflected alterations in
extracellular calcium pools (e.g., the
concentration of calcium oxalate crys-
tals in cell walls) that have low physi-
ological availability. Changes in mCa
from direct acid mist application to
foliage, by contrast, reflected en-
hanced calcium leaching, leading to
membrane instability and, perhaps,
to disruption of calcium’s role in
environmental signal transduction.

The pronounced differences in
cold tolerance and susceptibility to
freezing injury in red spruce needles
of different ages (DeHayes 1992) is
consistent with the pattern of devel-
opmental variation in mCa in cur-
rent-year needles (Figure 8) as well
as age class differences in foliar cal-
cium leaching (Figure 5). Even with-
out acidic inputs, little or no mCa is
detected in current-year needles of
red spruce during early summer (Fig-
ure 8). Moreover, mCa levels in cur-
rent-year needles are inherently lower
than in year-old needles throughout
summer and early autumn (Figure
8), when acid-induced calcium leach-
ing is expected to be substantial. The
substantial age class difference in
foliar calcium leaching (Figure 5)
further accentuates the mCa and cold
tolerance differences between year-
old and current-year red spruce
needles, helping to explain the unique
low-temperature sensitivity of red
spruce current-year foliage.

The magnitude and persistence of
the acid mist influence on mCa and
cold tolerance throughout winter and
the responsiveness to short-term acid
mist applications in autumn are most
likely a function of the amount of
calcium leached, the lack of mobility
of calcium in the phloem, and the
dependence on transpiration to re-
plenish depleted mCa. In effect, me-
sophyll cell mCa status reflects the
seasonal dynamics of mCa accretion
(Figure 8) and the net balance of
foliar calcium additions (via xylem
transport) versus calcium loss (from
leaching). Consequently, the physi-
ological implications of acid deposi-
tion may be exacerbated in late sum-
mer-and autumn, when post—-growing
season transpiration is minimal and
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Figure 7. Schematic of a mesophyll cell plasma membrane illustrating physiological
functions of membrane-associated calcium (mCa) and possible physiological con-

sequences of acid-induced mCa loss.

ongoing mCa loss is not fully re-
placed via xylem transport.

Of the few significant interactions
among the different treatments, al-
most all involved the influence of mist
pH x aluminum treatment on foliar
nutrition (Schaberg et al. in press b).
The trend was always the same for
each element affected: Reductions in
cation concentration associated with
aluminum addition were greater for
pH 5.0- than for pH 3.0-treated
plants. Significant acid mist X alumi-
num treatment interactions on mCa
levels were also detected for two
dates, when the degree of acid-in-
duced reduction in mCa was greater
for non—-aluminum-treated trees (in
September 1994) and 200 pmol/L
aluminum-treated trees (in January
1995). Still, interactions of pH and
aluminum treatments did not mask
overall acid-induced reductions of

mCa concentrations. In fact, one of
the most physiologically meaningful
findings was the conspicuous lack of
interaction among other treatment
combinations. The absence of any
interaction between acid mist and
soil calcium additions is particularly
interesting because it indicates that
acid-induced foliar calcium leaching,
mCa depletion, and cold tolerance re-
ductions were not ameliorated by
supplemental soil calcium.

Nature of calcium leaching and cold
tolerance perturbations. The pool of
mCa, unlike other insoluble extra-
cellular calcium pools, is readily
available for leaching, resulting in
membrane destabilization, depletion
of a potential pool of messenger cal-
cium, and significant reductions in
the freezing tolerance of current-year
red spruce needles. Acid deposition—
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Figure 8. Seasonal patterns of membrane-associated calcium (mCa) in current-year
and year-old needles of red spruce seedlings. The decrease in mCa during a
midwinter thaw is significant for current-year, but not year-old, needles (DeHayes

et al. 1997).

induced cation leaching may result
from inputs of H*, SO,>, or both
(Edwards et al. 1995). Specifically,
calcium leaching could follow either
H* displacement of Ca?* on exchange
sites or the binding and removal of
free Ca?* by SO,* at the cell wall-
membrane interface (Figure 7). Sul-
fate can be directly toxic to red spruce
foliage independent of freezing stress
(Cape et al. 1991), and it has been
implicated as a critical pollutant ion
in cold tolerance reductions in this
species (Cape et al. 1991, Sheppard
1994). However, we have demon-
strated similar cold tolerance reduc-
tions in response to acid mists that
contained no SO,> (because they
were acidified with hydrochloric
acid; Schaberg and DeHayes in press)
or had equalized SO,* concentra-

tions (Schaberg et al. in press b).
These findings, coupled with reduced
H* but not SO,* concentrations in
foliar leachates (Joslin et al. 1988,
McLaughlin et al. 1996), indicate
that acid mist-induced calcium leach-
ingand cold tolerance reductions are
not SO,* driven but are most likely
the result of cation exchange driven
by differential H* exposure.

Our results demonstrate that di-
rect acid deposition on needles rep-
resents a unique environmental stress
in thatit preferentially removes mCa,
which is not readily replaced in au-
tumn, resulting in a mCa deficiency
that may not be detectable by exami-
nation of total foliar calcium pools.
Destabilization of plasma mem-
branes (Figure 4c) and a loss of freez-
ing tolerance in current-year needles

accompany the mCa depletion. These
findings verify a direct impairment
of leaf physiology from acid deposi-
tion independent of well-documented
belowground influences and provide
a mechanistic explanation for cold
tolerance reductions in native trees
specifically associated with atmos-
pheric deposition of acid on foliage
(Vann et al. 1992).

Proposed mechanism

In contrast to previous hypotheses,
which involved aluminum- or SO,-
induced disruptions in carbon me-
tabolism, the mechanism described
above implicates the direct action of
acid deposition on specific foliar cal-
cium pools and cold tolerance. Our
findings also emphasize the dynamic
role of the physiologically active and
labile mCa pool in plant tissues and
demonstrate that pollution-induced
shifts in this pool may not be detect-
able by typical analysis of total foliar
calcium. In fact, quantification of
mCa was essential in elucidating this
mechanism for acid deposition per-
turbation of plant cold tolerance.
We propose that direct acidic
deposition on red spruce foliage pref-
erentially displaces calcium ions spe-
cifically associated with plasma mem-
branes of mesophyll cells. As a result,
mCa is reduced, plasma membranes
are destabilized, and messenger cal-
cium is depleted. This physiological
impairment leads to the more com-
monly observed secondary symptoms
of freezing injury in northern re-
gions, elevated tissue respiration

Table 2. Influence of soil calcium, soil aluminum, and acid mist treatments on current-year foliar calcium leaching and
concentration, membrane-associated calcium (mCa), and cold tolerance in red spruce.®

Foliar calcium leaching (pg/L)

Total foliar calcium (mg/kg)

mCa fluorescence

Cold tolerance (°C)

Treatments Jul 94 Aug 94 Sep 94

Jul 94 Sep 94 Nov 94 Feb 95

Sep 94 Nov 94 Jan 95

Nov 94 Jan 94 Feb 95

Soil calcium

0 pmol/L 249 172 84

225 pmol/L 373 150 106
Soil aluminum

0 pmol/L 247 162 113

200 pmol/L 328 133 96
Acidic mist

pH 3.0 526** 233** 148%*

pH 5.0 66 64 60

1560%* 2042 1733** 1815** 0.21
2335 2514 2743 3142 0.23
2417%* 2803** 2562%* 2931** 0.21
1523 2040 1926 2091 0.23
1969 2289 2262 2488 0.21
1971 2553 2246 2534 0.22

0.18 0.15 -45.4 -53.8 -45.6
0.17 0.15 -47.2 -55.8 -46.7
0.18 0.14 -46.5 -54.0 -47.8
0.18 0.15 -45.9 -54.6 -46.6
0.16* 0.12* -44.5** -51.5% -44.9*
0.19 0.18 -48.0 -57.0 -49.5

aSchaberg et al. in press b.

PAsterisks indicate cases in which soil calcium, soil aluminum, or acidic mist treatment means are significantly different at P < 0.05 (*) or P
< 0.01 (**) within sample date based on analysis of variance.
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(McLaughlin et al. 1993), and en-
hanced susceptibility to other stresses
that compromise overall forest
health. This mechanism provides a
direct link between acid deposition
and dramatic increases in red spruce
freezing injury in northern montane
forests observed over the past 40
years, a period that coincides with
increased pollution emissions.

Acid deposition—induced alter-
ation of mCa and membrane stabil-
ity documented in northern forests
would also be expected in response
to acidic deposition in the southern
Appalachians. Although they did not
examine the mCa pool specifically,
McLaughlin et al. (1993) suggested
thatacid deposition—induced calcium
losses and concomitant changes in
membrane integrity may cause tissue
respiration to increase. The acid
deposition—-mCa leaching-membrane
alteration explanation for red spruce
decline that we have proposed may
therefore represent a single viable
explanation for red spruce decline
throughout the montane red spruce
forests of eastern North America,
where acid deposition is prevalent.

This mechanism specifically ac-
counts for the unique features of the
red spruce freezing injury syndrome,
such as the freezing tolerance differ-
ences between current- and year-old
foliage, the sensitivity of the cold
tolerance response to short-term au-
tumn mist applications, and the per-
sistence of the acid-induced reduc-
tion in cold tolerance throughout
winter (even when the source of acid-
ity is removed). Furthermore, the
sensitivity of the cold tolerance re-
sponse to simulated acid mists re-
gardless of the anion included in the
pH adjustments or its concentration
is consistent with the idea that H*
displaces Ca?* on exchange sites but
not with the hypothesis that SO,* or
some other pollutant ion enhances
freezing injury susceptibility.

Finally, the predisposing (rather
than the direct injury) influence of
acid deposition implicit in the pro-
posed mechanism is uniquely com-
patible with empirical assessments
of red spruce decline symptomology.
Generalized growth impairment
would be expected if direct sulfate
toxicity or carbon metabolism dis-
ruption were primary factors in red
spruce decline (e.g., Capeetal. 1991,
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Sheppard 1994), because pollution-
induced changes in physiology would
most likely have a metabolic cost
even in the absence of freezing in-
jury. However, most controlled-
environment studies have docu-
mented unimpaired or even improved
growth in red spruce exposed to acid
mist in the absence of another stres-
sor, such as subfreezing tempera-
tures (Tayloretal. 1986, Laurence et
al. 1989, Kohutet al. 1990, Lee et al.
1990). Indeed, growth reductions as-
sociated with red spruce decline in
northern montane forests appear to
be the direct result of the freezing

injury (Wilkinson 1990, Tobi et al.
1995) rather than exposure to the
predisposing acidic conditions.

Broad forest
health implications

Although it is well established that
acid deposition has contributed to
forest soil calcium depletion (Law-
rence etal. 1995, Likens et al. 1996),
our findings have shown that acid
deposition can influence foliar base
cation dynamics directly, indepen-
dent of belowground processes. In
fact, direct acid-induced disruption
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Table 3. Relative stability of cell membranes in the current-year foliage of red spruce
and balsam fir seedlings following autumn {September—November 1997) applica-
tion of pH 5.0 or pH 3.0 simulated cloud water treatments.>"<

Membrane stability

(relative electrolyte leakage)

Change in membrane

Species pH 5.0 pH 3.0 leakage (%)
Balsam fir 0.220 0.322** 46
Red spruce 0.254 0.338%* 33

3Schaberg et al. in press b.

PMist solutions equalized SO,> concentrations between pH treatments.
‘Double asterisks (**) indicate pH treatment means within species are significantly different

at P < 0.01 based on analyses of variance.

of mCa appears to override soil cal-
cium influences, as evidenced by the
fact that acid depletes mCa even in
plants grown in soils with abundant
calcium. Nevertheless, we expect that
soil calcium would have an effect on
mCa pools in more severely calcium
limited soil environments. For ex-
ample, red spruce trees with ex-
tremely low foliar concentrations of
calcium growing in calcium-depau-
perate soils show a reduced cold tol-
erance (Figure 2). The physiological
impairment of trees exhibiting foliar
calcium deficiency presumably re-
flects reduced mCa resulting from
extremely low soil calcium availabil-
ity. The substantial acid-induced soil
calcium depletion that has recently
been documented (Lawrence et al.
1995, Likens et al. 1996) would
therefore be expected to exacerbate
mCa deficiencies and compromise
forest health and ecosystem stability
(Figure 9).

The results discussed in this ar-
ticle also raise the strong possibility
that acid rain alteration of mCa and,
consequently, membrane integrity is
not unique to red spruce but is sim-
ply exacerbated in this species be-
cause of its sensitivity to freezing
injury. In fact, acid-induced foliar
calcium leaching has been demon-
strated in many other north temper-
ate forest tree species, including yel-
low birch (Betula alleghaniensis;
Scherbatskoy and Klein 1983), white
spruce (Picea glauca; Scherbatskoy
and Klein 1983), red maple (Acer
rubrum; Potter 1991), eastern white
pine (Pinus strobus), and sugar maple
(Acer saccharum;Lovett and Hubbell
1991). Assessments of mCa, mem-
brane integrity, cold tolerance, and
other secondary stress impacts have
not yet been made for these species.
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However, we have recently demon-
strated an acid mist-induced reduc-
tion in membrane integrity in bal-
sam fir that is comparable to that of
red spruce exposed to the same acidic
solutions (Table 3; Schaberg et al. in
press b). However, balsam fir hardi-
ness levels exceeded detection limits
so that cold tolerance effects, if
present, could not be tested. But these
data show that acid-induced mem-
brane destabilization is not specific
to red spruce and suggest that acid-
induced foliar disruption may be a
more general phenomenon than the
highly visible freezing injury syn-
drome evident in red spruce.
Although it is well known that
calcium plays a critical role in plant
responses to numerous stresses (e.g.,
low temperature, salt, drought, and
low light; Hepler and Wayne 1983,
Dhindsa et al. 1993, Monroy et al.
1993, Sheen 1996), the biological
implications of soil calcium deple-
tion—especially its impact on the
physiologically important mCa
pool—remain uncertain at this time.
Because most calcium in woody plant
tissues is insoluble, immobile, and
extracellular (Fink 1991), it is the
relatively small and environmentally
sensitive mCa pool that appears to
serve a critical and active role in
plantstress responses. If acid-induced
soil calcium depletion also alters mCa
and membrane stability, then the po-
tential for calcium-mediated predis-
position to stress-induced injury
could have an extraordinary influ-
ence on forest health (Figure 9). In
this context, the stress response sys-
tem and overall health of montane
coniferous forest ecosystems may be
compromised by a subtle but persis-
tent acid-induced alteration of mCa
and cell membranes, leading to physi-

ological impairment and a predispo-
sition to be affected by an array of
environmental stresses. Because the
mCa pool in woody plant leaf tissue
can now be monitored, the potential
for soil- or atmospheric-induced mCa
alteration as a predisposing factor in
other recent regionwide forest de-
clines in eastern North America war-
rants investigation.

Acknowledgments

This research was supported by the
USDA National Research Initiative
Competitive Grants Program, the US
Forest Service Northern Global
Change Program, and the Mclntire-
Stennis Forestry Research Program.
We thank Gene E. Likens, Samuel B.
McLaughlin, and Rajinder S. Dhindsa
for their thoughtful commentary on
an earlier version of this manuscript
and Jonathan R. Cumming, Paula F.
Murakami, and Catherine H. Borer
for their contributions. We are also
grateful to Rebecca Chasan and three
anonymous reviewers for their help-
ful editorial suggestions.

References cited

Abate T. 1995. Swedish scientists take acid-
_rain research to developing nations.
BioScience 45: 738-740.

Arora R, Palta JP. 1986. Protoplasmic swell-
ing as a symptom of freezing injury in
onion bulb cells. Plant Physiology 82:
625-629.

. 1988. In vivo perturbation of mem-
brane-associated calcium by freeze-thaw
stress in onion bulb cells. Plant Physiol-
ogy 87: 622-628.

Atkinson MM, Keppler LD, Orlandi EW,
Baker CJ, Mischke CF. 1990. Involve-
ment of plasma membrane calcium influx
in bacterial induction of the K*/H* and
hypersensitive responses in tobacco. Plant
Physiology 92: 215-221.

Barnard JE, Lucier AA, Johnson AH, Brooks
RT, Karnosky DF, Dunn PH. 1990.
Changes in Forest Health and Productiv-
ity in the United States and Canada. Wash-
ington (DC): National Acid Precipitation
Assessment Program. State of Science and
Technology Report No. 16.

Bondietti EA, Momoshima N, Shortle WC,
Smith KT 1990. A historical perspective
on divalent cation trends in red spruce
stemwood and the hypothetical relation-
ship to acid deposition. Canadian Journal
of Forest Resources 20: 1850-1858.

Borer CH, DeHayes DH, Schaberg PG,
Cumming JR. 1997. Relative quantifica-
tion of membrane-associated calcium
(mCa) in red spruce mesophyll cells. Trees
12: 21-26.

Cape JN, Leith ID, Fowler D, Murray MB,
Sheppard L], Eamus D, Wilson RHF. 1991.

BioScience Vol. 49 No. 10




Sulphate and ammonium in mist impair
the frost hardiness of red spruce seedlings.
New Phytologist 125: 119-126.

Cook ER, Zedaker SM. 1992. The dendro-
ecology of red spruce decline. Pages 192-
231 in Eagar C, Adams MB, eds. The Ecol-
ogy and Decline of Red Spruce in the Eastern
United States. New York: Springer-Verlag.

Curry J, Church T. 1952. Observations of
winter drying of conifers in the Adiron-
dacks. Journal of Forestry 50: 114-116.

Davies HW, Monk-Talbot LS. 1990. Perme-
ability characteristics and membrane lipid
composition of potato tuber cultivars in
relation to Ca?* deficiency. Phytochemis-
try 29: 2833-2825.

DeHayes DH. 1992. Winter injury and devel-
opmental cold tolerance in red spruce.
Pages 296-337 in Eagar C, Adams MB,
eds. The Ecology and Decline of Red
Spruce in the Eastern United States. New
York: Springer-Verlag.

DeHayes DH, Waite CE, Ingle MA Williams
MW. 1990. Winter injury susceptibility
and cold tolerance of current and year-old
needles of red spruce trees from several
provenances. Forest Science 36: 982-994.

DeHayes DH, Thornton FC, Waite CE, Ingle
MA. 1991. Ambient cloud deposition re-
duces cold tolerance of red spruce seed-
lings. Canadian Journal of Forest Research
21:1292-1295S.

DeHayes DH, Schaberg PG, Hawley GJ, Borer
CH, Cumming JR, Strimbeck GR. 1997.
Physiological implications of seasonal
variation in membrane-associated calcium
in red spruce mesophyll cells. Tree Physi-
ology 17: 687-695.

DeYoe DR, Brown GN. 1979. Glycerolipid
and fatty acid changes in eastern white
pine chloroplast lamellae during the onset
of winter. Plant Physiology 64: 924-929.

Dhindsa RS, Monroy A, Wolfraim L, Dong
G. 1993. Signal transduction and gene
expression during cold acclimation in al-
falfa. Pages 57-72 in Li PH, Christersson
L, eds. Advances in Plant Cold Hardiness.
Boca Raton (FL): CRC Press.

Eagar C, Adams MB, eds. 1992. The Ecology
and Decline of Red Spruce in the Eastern
United States. New York: Springer-Verlag.

Edwards GS, Sherman RE, Kelly JM 1995.
Red spruce and loblolly pine nutritional
responses to acidic precipitation and ozone.
Environmental Pollution 89: 9-15.

Fink S. 1991. The micromorphological dis-
tribution of bound calcium in needles of
Norway spruce (Picea abies (L.) Karst.).
New Phytologist 119: 33-40.

Fowler D, Cape JN, Deans JD, Leith ID,
Murray MB, Smith RI, Sheppard L],
Unsworth MH. 1989. Effects of acid mist
on the frost hardiness of red spruce seed-
lings. New Phytologist 113: 321-335.

Friedland AJ, Gregory RA, Karenlampi L,
Johnson AH. 1984. Winter damage to
foliage as a factor in red spruce decline.
Canadian Journal of Forest Research 14:
963-965.

Guy CL. 1990. Cold acclimation and freezing
stress tolerance: Role of protein metabo-
lism. Annual Review of Plant Physiology
and Plant Molecular Biology 41: 187-223.

Hadley JL, Amundson RG. 1992. Effects of
radiational heating at low air temperature
on water balance, cold tolerance, and vis-

October 1999

ible injury of red spruce foliage. Tree
Physiology 11: 1-17.

Hadley JL, Manter D, Herrick J. 1996. The
effects of post-freezing environment on
freezing injury to red spruce: Implications
for cold tolerance testing in conifers. Page
106 in Bernier PY, ed. Proceedings of the
14th North American Forest Biology
Workshop; 16-20 Jun 1998; Québec City,
Canada.

Hepler PK, Wayne RO. 1985. Calcium and
plant development. Annual Review of
Plant Physiology 36: 397-439.

Johnson AH, Friedland AJ, Dushoff JG. 1986.
Recent and historic red spruce mortality:
Evidence of climatic influence. Water, Air
and Soil Pollution 30: 319-330.

Johnson AH, et al. 1992. Synthesis and con-
clusions from epidemiological and mecha-
nistic studies of red spruce decline. Pages
387-411in Eagar C, Adams MB, eds. The
Ecology and Decline of Red Spruce in the
Eastern United States. New York:
Springer-Verlag.

Johnson AH, DeHayes DH, Siccama TG.
1996. Role of acid deposition in the de-
cline of red spruce (Picea rubens Sarg.) in
the montane forests of Northeastern USA.
Pages 49-71 in Raychudhuri SP, Maramo-
rosch K, eds. Forest Trees and Palms: Dis-
ease and Control. New Delhi (India): Ox-
ford University Press and IBH Publishers.

Joslin JD, McDuffie C, Brewer PF. 1988.
Acidic cloud water and cation loss from
red spruce foliage. Water, Air and Soil
Pollution 39: 355-363.

Kohut RJ, Laurence JA, Amundson RG, Raba
RM, Melkonian JJ. 1990. Effects of ozone
and acid precipitation on the growth and
photosynthesis of red spruce after two
years of exposure. Water, Air and Soil
Pollution 51: 277-286.

Laurence JA, Kohut RJ , Amundson RG.
1989. Response of red spruce seedlings to
ozone and simulated acid precipitation in
the field. Archives of Environmental Con-
tamination and Toxicology 18: 285-290.

Lawrence GB, David MB, Shortle WC. 1995.
A new mechanism for calcium loss in
forest-floor soils. Nature 378: 162-1635.

Lee WS, Chevone BI, Seiler JR. 1990. Growth
response and drought susceptibility of red
spruce seedlings exposed to simulated
acidic rain and ozone. Forest Science 36:
265-275.

Legge RL, Thompson E, Baker JE, Lieberman
M. 1982. The effect of calcium on the
fluidity and phase properties of microso-
mal membranes isolated from post-
climateric Golden Delicious apples. Plant
and Cell Physiology 23: 161-169.

L’Hirondelle SJ, Jacobson ]S, Lassoie JP.
1992. Acid mist and nitrogen fertilization
effects on growth, nitrate reductase activ-
ity, gas exchange, and frost hardiness of
red spruce seedlings. New Phytologist 121:
611-622.

Likens GE, Driscoll CT, Buso DC. 1996.
Long-term effects of acid rain: Response
and recovery of a forest ecosystem. Sci-
ence 272: 244-24e6.

Likens GE, et al. 1998. The biogeochemistry
of calcium at Hubbard Brook. Bio-
geochemistry 41: 89-173.

Lovett GM, Hubbell JG. 1991. Effect of ozone
and acid mist on foliar leaching from

eastern white pine and sugar maple. Ca-
nadian Journal of Forest Research 21:
794-802.

McLaughlin JW, Fernandez IJ, Richards KJ.
1996. Atmospheric deposition to a low-
elevation spruce-fir forest, Maine, USA.
Journal of Environmental Quality 25:248-
259.

McLaughlin SB, Andersen CP, Edwards NT,
Roy WK, Layton PA. 1990. Seasonal pat-
terns of photosynthesis and respiration of
red spruce saplings from two elevations in
declining southern Appalachian stands.
Canadian Journal of Forest Research 20:
485-495.

McLaughlin SB, Anderson CP, Hanson, P]J,
Tjoelker MG, Roy WK. 1991. Increased
dark respiration and calcium deficiency
of red spruce in relation to acidic deposi-
tion at high-elevation southern Appala-
chian Mountain sites. Canadian Journal
of Forest Research 21: 1234-1244,

McLaughlin SB, Tjoelker MG, Roy WK. 1993.
Acid deposition alters red spruce physiol-
ogy: Laboratory studies support field ob-
servations. Canadian Journal of Forest
Research 23: 380-386.

Mohnen VA. 1992. Atmospheric deposition
and pollutant exposure of eastern U.S.
forest. Pages 64-124 in Eagar C, Adams
MB, eds. The Ecology and Decline of Red
Spruce in the Eastern United States. New
York: Springer-Verlag.

Monroy AF, Sarban F, Dhinza RS. 1993.
Cold-induced changes in freezing toler-
ance, protein phosphorylation and gene
expression: Evidence for a role of cal-
cium. Plant Physiology 102: 1227-1235.

Morgenstern EK. 1969. Winter drying of red
spruce provenances related to introgres-
sive hybridization with black spruce. Bi-
monthly Research Notes, Canadian For-
est Service 25: 34-36.

[NAPAP] National Acid Precipitation As-
sessment Program. 1992. Report to Con-
gress. Pittsburgh (PA): US Government
Printing Office.

Palta JP, Li PH. 1978. Cell membrane prop-
erties in relation to freezing injury. Pages
93-115 in Li PH, Sakai A, eds. Plant Cold
Hardiness and Freezing Stress. London:
Academic Press.

Peart DR, Jones MB, Palmiotto PA. 1991.
Winter injury to red spruce at Mt.
Moosilauke, NH. Canadian Journal of
Forest Research 21: 1380-1389.

Perkins TD, Adams GT, Klein RM. 1991.
Desiccation or freezing? Mechanisms of
winter injury to red spruce foliage. Ameri-
can Journal of Botany 78: 1207-1217.

Perkins TD, Adams GT, Lawson S, Hemmer-
lein MT. 1993. Cold tolerance and water
content of current-year red spruce foliage
over two winter seasons. Tree Physiology
13: 119-129.

Pomerleau R. 1962. Severe winter browning
of red spruce in southeastern Quebec. Bi-
monthly Report, Canadian Department of
Forest Entomology and Pathology 18: 3.

Pomeroy MK, Andrews CJ. 1985. Effects of
low temperature and calcium on survival
and membrane properties of isolated winter
wheat cells. Plant Physiology 78: 484-488.

Potter CS. 1991. Nutrient leaching from Acer
rubrum leaves by experimental acid rain-
fall. Canadian Journal of Forest Research

799




21:222-229.

Schaberg PG, DeHayes DH. In press. Physi-
ological and environmental causes of freez-
ing injury in red spruce. In Mickler RA,
Birdsey RA, Hom JL, eds. Responses of
Northern U.S. Forests to Environmental
Change. New York: Springer-Verlag.

Schaberg PG, Strimbeck GR, Hawley GJ,
DeHayes DH, Shane JB, Murakami PF,
Perkins TD, Donnelly JR, Wong BL. In
press a. Cold tolerance and photosystem
function in a montane red spruce popula-
tion: Physiological relationships with fo-
liar carbohydrates. Journal of Sustainable
Forestry.

Schaberg PG, DeHayes DH, Hawley GJ,
Strimbeck GR, Cumming JR, Murakami
PF, Borer CH. In press b. Acid mist, soil Ca
and Al alter the mineral nutrition and physi-
ology of red spruce. Tree Physiology.

Scherbatskoy TD, Klein R. 1983. Response
of spruce and birch foliage to leaching by
acid mists. Journal of Environmental
Quality 12: 189-195.

Scherbatskoy TD, Poirot RL, Stunder BJB,
Artz RS. In press. Current knowledge of
air pollution and air resource issues in the
Lake Champlain basin. In Manley TO,
Manley PL, eds. Water Resources Man-
agement. Vol. 14. Washington (DC):
American Geophysical Union.

Senser M, Beck E. 1982. Frost resistance in

spruce (Picea abies (L.) Karst.): V. Influ-
ence of photoperiod and temperature on
the membrane lipids of needles. Zeitschrift
fiir Pflanzenphysiologie 108: 71-85.

Sheen J. 1996. Ca?-dependent protein ki-
nases and stress signal transduction in
plants. Science 274: 1900-1902.

SheppardL]. 1994. Causal mechanisms by which
sulphate, nitrate and acidity influence frost
hardiness in red spruce: Review and hypoth-
esis. New Phytologist 127: 69-82.

Sheppard L], Smith RI, Cannell MGR. 1989.
Frost hardiness of Picea rubens growing
in spruce decline regions of the Appala-
chians. Tree Physiology 5: 25-37.

Shortle WC, Smith KT. 1988. Aluminum-in-
duced calcium deficiency syndrome in de-
clining red spruce. Science 240: 1017-1018.

Steponkus PL. 1990. Cold acclimation and
freezing injury from a perspective of the
plasma membrane. Pages 1-16 in Katter-
man F, ed. Environmental Injury to Plants.
New York: Academic Press.

Strimbeck GR, Vann DR, Johnson AH. 1991.
In situ experimental freezing produces
symptoms of winter injury in red spruce
foliage. Tree Physiology 9: 359-367.

Strimbeck GR, Schaberg PG, DeHayes DH,
Shane ]JB, Hawley GJ. 1995. Midwinter
dehardening of montane red spruce foli-
age during a natural thaw. Canadian Jour-
nal of Forest Research 25: 2040-2044.

Reprinted from BioScience

Swan HSD. 1971. Relationship Between
Nutrient Supply, Growth, and Nutrient
Concentrations in the Foliage of White
and Red Spruce. Pointe Claire (Canada):
Pulp and Paper Research Institute of Canada.
Woodlands Report WR/34.

Taylor GE, Norby RJ, McLaughlin, Johnson
AH, Turner RS. 1986. Carbon dioxide
assimilation and growth of red spruce
(Picea rubens Sarg.) seedlings in response
to ozone, precipitation chemistry, and soil
type. Oecologia 70: 163-171.

Tobi DR, Wargo PM, Bergdahl DR 1995.
Growth response of red spruce after known
periods of winter injury. Canadian Jour-
nal of Foredt Research 25: 669-681.

Vann DR, Strimibeck GR, Johnson AH. 1992.
Effects of ambient levels of airborne chemi-
cals on freezing resistance of red spruce
foliage. Forest Ecology and Management
51: 69-79.

Waite CE, DeHayes DH, Rebbeck J, Schier
GA, Johnson AH. 1994. The influence of
elevated ozone on freezing tolerance of
red spruce seedlings. New Phytologist 126:
327-335.

Wilkinson, RC. 1990. Effects of winter in-
jury on basal area and height growth of
30-year-old red spruce from 12 prov-
enances growing in northern New Hamp-
shire. Canadian Journal of Forest Research
20: 1616-1622.

BioScience Vol. 49 No. 10




