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Summary We examined the effects and potentia interac-
tions of acid mist and soil solution Caand Al treatments on fo-
liar cation concentrations, membrane-associated Ca (mCa),
ion leaching, growth, carbon exchange, and cold tolerance of
red spruce (Picearubens Sarg.) saplings. Soil solution Caaddi-
tionsincreased foliar Caand Zn concentrations, and increased
rates of respiration early in the growing season (July). Soil Al
treatment had abroad impact, reducing foliar concentrations of
Ca, Mg, Mn, Pand Zn, and resulting in smaller stem diameters,
sapling heights and shoot lengths compared with soil treat-
mentswith noadded Al. Aluminum treatment al so reduced res-
piration when shootswere elongatingin July and decreased net
photosynthesis at the end of the growing season (September).
Three lines of evidence suggest that Al-induced aterationsin
growth and physiology were independent of foliar Ca status:
(1) Ca concentrations in foliage of Al-treated saplings were
within the range of sufficiency established for red spruce; (2)
mCa concentrations were unaffected by Al treatment; and (3)
no Al x Cainteractions were detected. Acid mist treatment in-
creased foliar Fe and K concentrations and increased |eaching
of Ca, Mg, Mn, Zn, Fe, and Al fromfoliage. L eaching | osses of
Ca were more than twice those of the element with the next
highest amount of leaching (Zn), and probably led to the reduc-
tions in mCa concentration and membrane stability of
acid-treated saplings. Acidic mist resulted in enhanced shoot
growth, and consistent reductionsinfoliar cold tolerancein the
fall and winter. Of thefew significant interactionsamong treat-
ments, most involved theinfluence of mist pH and Al treatment
on foliar nutrition. In general, reductionsin cation concentra-
tion associated with Al addition weregreater for pH 5.0-treated
saplings than for pH 3.0-treated saplings. We propose that
H*-induced leaching of mCafrom mesophyl| cellsisthemech-
anism underlying acid-induced reductionsin foliar cold toler-
ance of red spruce.

Keywords: acid precipitation, aluminum, calcium, cations,
cold tolerance, foliage, growth, leaching, membrane-associ-
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Introduction

Evidence from Europe and North Americaindicates that acid
precipitation can disrupt base cation cycling and nutrition
within forest ecosystems (Shortle and Smith 1988, Schulze
1989, Likenset al. 1996). Cationic (H") and anionic (NO3 and
SO?%") components of acid precipitation can act to deplete soil
pools of base cations and limit the uptake and incorporation of
Ca* and Mg?" by trees (Likens et al. 1996). Soil acidification
and NOj and SO;additions can also increase Al availability
in the soil solution (Johnson and Fernandez 1992). This Al
then competes with and inhibits Ca2* uptake by tree roots
(Reuss and Johnson 1986, Shortle and Smith 1988). In addi-
tion, acid precipitation can leach cations from foliage
(Scherbatskoy and Klein 1983, Joslin et al. 1988, Klemm et al.
1989), with Cahaving the greatest rate of efflux (Klemm et al.
1989). When soil availability of Caislow, acid-induced foliar
leaching may contribute to the development of Cadeficiencies
(Jodlin et al. 1988).

The decline of red spruce (Picea rubens Sarg.) in the south-
ern Appalachian Mountains of the United States has been
linked to recent changes in Ca availability in these forests.
Treering chemistry has shown that Ca:Al ratios have declined
concurrently with tree vigor, potentially reflecting acid-pre-
cipitation-induced reductionsin soil Caavailability (Bondietti
et a. 1990, McLaughlin and Kohut 1992). Several studies
have linked acid-deposition-induced reductions in foliar Ca
concentrations to increases in foliar respiration (McLaughlin
etal. 1991, McLaughlin and Tjoelker 1992, McLaughlin et al.
1993) and reductions in net photosynthesis (McLaughlin and
Tjoelker 1992, McLaughlin et a. 1993). Based on these and
other findings, Johnson et al. (1992) concluded that acid-de-
position-induced increases in Al availability and disruptions
in Canutrition have probably contributed to the decline of red
spruce in the southern Appalachians.

In northeastern USA, red spruce decline is synonymous
with freezing injury, and the link between atmospheric inputs
of acid precipitation and freezing injury hasbeen firmly estab-
lished (DeHayes 1992). Exposure of red spruce foliage to ei-
ther simulated (Fowler et al. 1989, Kohut et al. 1989, Waite et
a. 1994) or ambient acid cloud water (DeHayes et al. 1991,
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DeHayes 1992, Vann et a. 1992) markedly reduces cold
tolerance of current-year needles in autumn and winter.
Acid-mist-induced reductions in cold tolerance can result in
increases in the frequency and extent of freezing injury (John-
son et a. 1988, DeHayes 1992). Freezing injury and associ-
ated loss of foliage can reduce carbon assimilation, basal area,
and height growth to valuestypical of those in declining trees
(Wilkinson 1990, Tobi et al. 1995).

If Canutrition playsarolein red spruce declinein the north-
eastern USA, it seems probable that thisinfluenceis mediated
by some perturbation in cold tolerance, because freezing in-
jury isamajor contributor to this decline in northern montane
forests (DeHayes 1992, Johnson 1992, Johnson et a. 1992).
Studieswith crop plants have shown that Ca plays aprominent
role in preventing freezing injury (Pomeroy and Andrews
1985, Arora and Palta 1986, Monroy et al. 1993, Crotty and
Poole 1995). However, the influence of Ca nutrition on the
cold tolerance of red spruce has not been eval uated.

We investigated direct effects and potentia interactions
among acid mist and soil solution Caand Al treatments on fo-
liar cations, ion leaching, growth, carbon exchange, and cold
tolerance of red spruce. In addition, we assessed the influence
of thetreatments on the pool of Caspecifically associated with
the plasma membrane of mesophyll cells. This pool of mem-
brane-associated Ca (mCa) influences membrane stability and
environmental message transduction, and is of particular
physiological importanceto plants (Atkinson et al. 1990, Rob-
erts and Harmon 1992, Bush 1995, DeHayes et a. 1997).

Materials and methods

Plant material

In September 1992, 208 5-year-old, bare-root red spruce sap-
lings of aDanville, VT seed source were transplanted to 25-li-
ter plastic pots containing a coarse sand and perlite mix (4:1,
v/Iv). The water-holding capacity of this mixture was 400 ml
|71 (81 per pot), and the Ca concentration (52.4 + 4.1 ug g™)
was relatively low compared with native soils in red spruce
forests (e.g., 31t0 123 ug g, Taylor et al. 1986). Analysis of
foliage before treatment revealed nutrient concentrations
within the normal range reported for red spruce seedlings
(Swan 1971, Friedland et a. 1988). All plants were kept out-
doors at the Northeastern Research Station in Burlington, VT
(44°28' N, 73°09' W), and received ambient precipitation.
Pots were insulated with perlite from November to April of
each year to protect roots from low air temperatures.

Treatments

The experimental design was a split plot and included six ex-
perimental blocks of 32 saplings each. Within each block, sap-
lings were randomly assigned to one of four Ca (0, 25, 75, or
225 uM) and two Al (0 or 200 pM) soil watering treatments as
part of a factorial arrangement, and were split between two
mist treatment plots (pH 5.0 or 3.0). Calcium and Al treat-
ments were obtained by adding CaSO, or Al,(SO,)3, or bath,
to a modified base nutrient solution designed to maintain
rhizosphere pH and Al solubility (Cumming and Brown

1994). This modified base solution contained (UM): NH;NO3
(200), KH2P04 (50), K2504 (75), Mg&)4 (50), H3BOg (25),
MnSO,H,0 (2), ZnSO,[TH,0 (2), CuSO,BH,0 (0.5), and
NaMoO, (0.5). All soil solutions were adjusted to
pH 4.0 £ 0.1 with H,SO,. The soil treatments bracketed the
range of Ca concentrations (David and Lawrence 1996) and
approached the maximum Al concentrations (Miller et al.
1992, Joslin and Wolfe 1992) reported for soil solutionsin red
spruce forests. Soil solutions were delivered through individ-
ual tubes with a pump-manifold system that automatically
provided each plant with 11 day ™ for 7 days aweek from July
through October 1993 and 1994. Soil applications were made
in the morning to recharge soils with the designated Ca or Al
treatment following the evening mist additions.

Saplingsweremisted for 6 h, four nights per week from July
through October 1994. During each application, plots re-
ceived 6 mm of mist. Mist treatments comprised a base mist
solution adjusted to pH 3.0 or pH 5.0 with H,SO,. Although
ambient cloudwater contains HNO;, this was not included in
the mist treatments because differential N additions can them-
selvesalter foliar Caconcentrationsin red spruce (Swan 1971,
Schaberg et al. 1997). The ionic composition of the base mist
solution was patterned after results from aregional analysis of
cloud chemistry (Li and Angja 1992) and consisted of (UM):
NH4NO; (150), (NH,4),SO, (12.5), NaCl (10), KCI (5), and

A second experiment was conducted in 1997-98 to evaluate
further the impacts of acid mist on foliar mCa concentrations,
membrane stability, and cold tolerance. For this experiment,
we used saplings from the same planting, with the same seed
source and potting medium described above, but the saplings
received only ambient precipitation following transplantingin
1992. This experiment was a completely randomized design
with four experimental blocks of four saplings. Within each
block, two saplings were randomly assigned to either apH 3.0
or 5.0 mist treatment. Most aspects of mist treatment (e.g.,
base mist solution composition, volume and weekly schedule
of mist application) followed protocols previously described.
However, in this experiment, SOi’ concentrations of pH 3.0
and 5.0 mist treatments were equalized by titrating both treat-
mentsto pH 3.0 with H,SO,, and then adding NaOH to the pH
5.0 solution to achieve the target pH. Another difference from
the primary study was that mist treatments were applied only
during autumn (September through November 1997).

Foliar cation concentrations

Analyses were conducted on current-year needles from the
upper third of the crown of one sapling per treatment x block
combination (96 saplings) in July and November 1994, and
February 1995. Following each collection, samples were
oven-dried and then digested with sulfuric acid and hydrogen
peroxide as oxidizers, selenium as a catalyst, and lithium sul-
fate to elevate the boiling point (Parkinson and Allen 1975).
Digestions were performed in 75-ml reflux tubes in a
AD-4020 block digestor (Westco Scientific Instruments,
Danbury, CT). Foliar samples were predigested at room tem-
perature overnight and then digested at 250 °C for 20 min and
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450 °C for 1.5-2 h. Digests were diluted to 75 ml with dis-
tilled, deionized water and analyzed for cations by inductively
coupled plasma atomic emission spectroscopy (ICPAES,
PlasmaSpec 2.5, Leeman Labs, Lowell, MA). White pine nee-
dies from the National Bureau of Standards and Technology
(SRM 1575) were also digested and analyzed as a procedural
check.

Collection and analysis of leachate

Onfivedatesin July, August and September 1994, throughfall
samples were collected from two saplings per treatment com-
bination within each of two blocks during experimental mist
application on days with no ambient precipitation.
Throughfall was collected with 55-mm diameter funnels,
emptying into 60-ml polypropylene bottles, located beneath
current-year shoots within the sapling canopies. Funnels were
secured to the shoots by a loop of string at the base of each
flush. Two additional funnels per plot collected mist solutions
before they came in contact with foliage. M ean cation concen-
tration of incoming mist solutions collected with these funnels
was subtracted from measurements of throughfall to estimate
actual leaching from shoots. Cation concentrations were mea-
sured by ICPAES. Only Ca, Al, Mg, Mn, Zn, K, Pand B con-
centrations were above the detection limits.

Membrane-associated calcium (mCa)

Half of the saplings that received the 0 and 225 uM Ca treat-
ments (48 saplings) were assessed for concentrations of mem-
brane-associated Ca(mCa) in September and November 1994,
and January 1995. On each date, three needles per sapling
were collected and sectioned to produce three sections per
needle for mCa evaluation. In addition, two needles per sap-
ling were collected and processed for mCa assessment in Feb-
ruary 1998 as part of the 1997-98 supplemental experiment.
Sectioning, staining, microscopy and image analysis proce-
dures used are described in detail by Borer et al. (1997) and
DeHayes et a. (1997). These procedures incorporate
epifluorescence microscopy, using the fluorescent probe
chlorotetracycline (CTC), with computer image processing to
quantify the intensity of mCa-specific fluorescent emissions.
Chlorotetracyclineis aprobe that selectively bindsto divalent
cations associated with biological membranes. Chelation to
divalent cations in close proximity to apolar environments
(e.g., biological membranes) causes a conformational change
in CTC, resulting in an enhanced affinity for theseions, and a
marked increase in fluorescence of the molecule over that in
entirely aqueous solutions (Caswell and Hutchinson 1971). A
previous study with red spruce mesophyll cells verified that
Caisthe cation associated with CTC fluorescence when spe-
cific excitation and barrier microscope filters are used (Borer
et al. 1997).

Cold tolerance

Cold tolerance was assessed in one sapling per treatment x
block combination of the main study (96 saplings) in Novem-
ber 1994, and January and February 1995 and in al 16 sap-
lings in the supplemental study in February 1998.

Current-year foliage from each plant was rinsed in iced dis-
tilled water, then chopped in 5-mm sectionsto prepareasingle
bulk sample. Subsamples of approximately 0.3 ml (i.e., 0.1 to
0.2 g) were transferred to 64-cell polystyrene trays for freez-
ing treatment in a computer-controlled liquid nitrogen freezer
(Model Kryo 10, TS Scientific, Perkasie, PA). Freezing rate
was 6 °C h™, Trays were held at eight to 12 pre-selected test
temperatures, then removed from the freezer and placed in
pre-cooled polystyrene foam containers to thaw slowly to
4°C.

Freezing injury was assessed by electrolyte leakage as de-
termined by conductivity measurements. Conductivity data
were used to calculate critical temperatures (the highest tem-
perature at which freezing injury can be detected) for each
bulk sample per sapling. DeHayes (1992) has shown that criti-
cal temperaturesare correlated with freezing injury inthefield
and that they are effective in discerning cold tolerance differ-
ences among imposed treatments, plant tissues, and needle
age classes. Detailed descriptions of freezing procedures and
critical temperature calculations have been published by
DeHayes and Williams (1989) and DeHayes et al. (1990).

Membrane integrity

Electrolyte leakage from plant cells can be used to detect
changes in membrane permeability and integrity associated
with osmotic (Zwiazek and Blake 1991) and water stress
(Vasquez-Tello et al. 1990), high temperatures (Ruter 1996),
atered mineral nutrition (Branquinho et al. 1997), and cell se-
nescence (van Bilsen and Hoekstra 1993). Cellular electrolyte
lossis also useful for evaluating the influence of acid deposi-
tion on membrane stability. In February 1998, we obtained
conductivity data for non-freeze-stressed foliar samples col-
lected from the 1997—-98 supplemental study to evaluate the
effect of differential H* addition on membrane stability. Mist
treatments in this study had equal SO~ concentrations, so
evaluation of electrolyte loss from these foliar samples al-
lowed usto evauate H effects on membraneintegrity without
the confounding influence of differential SO3~ addition. Be-
cause of additional H* and the greater conductivity of H* rela-
tive to other ions, the pH 3.0 mist had a higher conductivity
than the pH 5.0 mist even though buffering ions were added to
thepH 5.0 mist. Therefore, higher el ectrolyte leakage from pH
3.0-treated foliage relative to pH 5.0-treated foliage could re-
sult from either incomplete surficial removal and foliar uptake
of applied H*, or treatment-induced reductions in membrane
integrity and associated increases in electrolyte loss from
within cells, or some combination of the two. Our measure-
ments indicated that only about 6.8 + 2.5% of overal foliar
electrolyte leakage following acid treatment resulted from H*
leaching into solution (authors' unpublished data). In addi-
tion, total electrolytelossfrom autoclaved foliage subjected to
the pH 3.0 and 5.0 treatments in the 1997—98 supplemental
study was minimal and did not differ significantly between the
treatments (P = 0.29, n = 16), further suggesting that treat-
ment-associated H* residues were small relative to cellular
electrolyte concentrations. To account for any small treat-
ment-associated H' contributions, we used rel ative el ectrolyte
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loss (conductivity of needle leachates before freezing stress
divided by thetotal conductivity of leachates after autoclaving
(DeHayes and Williams 1989)) from each sample to assess
acid mist effectson membraneintegrity. Wefound that therel -
ative electrolyteleakage measurements provided auseful indi-
cator of acid-induced differences in membrane stability.

Foliar gas exchange and stem growth

Net photosynthesis and dark respiration were measured for
one sapling per treatment x block combination (96 saplings) in
July, September and November 1994. Measurements were
made on one freshly excised, current-year shoot from the up-
per third of each crown with an L1-6200 portabl e photosynthe-
sis system with a 0.25 | cuvette (Li-Cor Inc., Lincoln, NE).
The L1-6200 was calibrated each day with aspan gas CO, con-
centration of 350 pl |72, and zero settings of the IRGA and
flow meter were adjusted regularly between sample measure-
ments. M easurements were made immediately (usually within
2 min) following branch excision. A 110-130V/300W metal
halogen lamp (Genera Electric Company, Cleveland, OH)
was used to provide saturating photon flux densitiesfor photo-
synthesis measurements (950 + 30 umol m=2s7%, Alexander et
al. 1995). Stomatal conductance was measured concomitantly
with photosynthesis. Respiration measurements were made
after darkening the cuvette with adouble-layer of cloth for ap-
proximately 1 min (McLaughlin et al. 1990, Schaberg et al.
1996). For each photosynthesis and respiration measurement,
three 30-s gas exchange readings were averaged to provide
one rate per shoot. For al samples, projected needle areas
weremeasured with aLi-Cor L1-3100 |eaf areameter. Rates of
photosynthesis and respiration were assessed on a projected
needle areaand dry weight basis. Both standardizations of gas
exchange measurements exhibited the same response to treat-
ments. Only area-based results are presented.

Sapling heights, stem diameters (5 cm above the root col-
lar), leader lengths, and the lengths of current-year lateral
shoots in the upper whorl were measured in August 1994 fol -
lowing growth cessation as determined by periodic measure-
ments.

Satistical analyses

Analyses of variance (ANOVA) were used to test for treat-
ment differences among means as well as two- and three-way
interactions among treatments. Because of the split-plot de-
sign of the experiment, the block x mist mean square error
(MSE) was used to test the significance of mist treatment ef-
fects. Other treatment effects were tested with the experi-
ment-wise MSE, which included other interactions with
block. Differencesamong soil solution Catreatmentswere de-
termined by the Tukey-Kramer HSD test. When interactions
between treatments were detected, differences between spe-
cific means were determined by partitioning the sums of
squares for the interaction term using orthogonal contrasts.
We also used ANOV Asto test for differences between means
attributable to mist pH in the 1997-98 supplemental study.
Differences were considered statistically significant if P <
0.10.

Results

Foliar cation concentrations

Treatment effects on cation concentrations were similar on all
three assessment dates, although concentrations increased
slightly over time. To simplify presentation, only the Novem-
ber 1994 data are presented (Table 1). Soil solution Caand Al
amendments modified foliar Ca concentrations as well as the
concentrations of several other cations. Total foliar Ca con-
centrations generally increased with increasing soil Ca treat-
ment (Table 1). The Al treatment increased foliar Al
concentrations and reduced foliar Ca, Mg, Mn, Zn, and P con-
centrations (Table 1). The pH 3.0 mist application increased
foliar concentrations of Fe and K relative to those of pH
5.0-misted saplings (Table 1).

Of the few significant interactions detected among trest-
ments (Figure 1), most involved theinfluence of mist pH x Al
treatment on foliar nutrition. Although the specific dynamics
of the interaction varied among the elements (Ca, Mg, Zn and
P), the basic trend was similar; i.e., reductions in cation con-

Table 1. Effects of acid mist and soil solution Caand Al treatments on element concentrationsin the current-year foliage of red spruce seedlings.
Data presented are for November 1994. Similar results were found for analyses conducted in July 1994 and February 1995.

Factor Treatment Mean foliar element concentration (mg kg ™)
Al B Ca Fe K Mg Mn P Zn
Mist pH 3 181 30 2262 62+1 9610*** 713 463 2010 31
5 152 19 2246 7 8459 760 494 1813 34
Sail Ca 0 164 23 1733a2*** 34 8812 762 461 1865 29a+*
25 162 24 2125b 25 9007 726 469 1835 28a
75 179 26 2435hc 30 9489 768 539 1990 37b
225 161 24 2743c 49 8796 688 445 1954 37b
Sail Al 0 138*** 22 2562%** 25 8953 865*** 520*** 1978* 39%**
200 196 27 1926 45 9109 600 435 1839 26

! Significance values: * ** and *** denote P < 0.10, 0.05 and 0.01, respectively (ANOVA).
2 Calcium treatment means with the same letter are not significantly different (P < 0.10) based on the Tukey-Kramer HSD test.
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centrations associated with Al addition were greater for pH
5.0-treated saplings than for pH 3.0-treated saplings.

Cation leaching

The pH 3.0 acid mist treatment enhanced leaching of Ca, Zn,
Al, Mg, Fe, and Mn from current-year shoots compared with
the pH 5.0 acid mist treatment (Table 2). Among the cations
for which the pH 3.0 acid mist treatment significantly in-
creased leaching, Ca had the highest |oss (approximately 2.25
times the concentration of the element with the next highest
amount of leaching, Zn). Leachates from pH 3.0-treated sap-
lings had Ca concentrations comparable with those of
throughfall samples from montane red spruce exposed to am-
bient acidic mists (Joslin et al. 1988). Although Ca treatment
had no effect on the extent of cation leaching, treatment with
Al was associated with a reduction in Mg concentrations in

leachate samples that may have resulted from the Al-induced
decrease in foliar Mg concentration (Table 1).

Membrane-associated Ca

Although soil solution Caand Al additionshad no direct effect
on foliar mCa concentrations, saplings treated with pH 3.0
mist had lower mCa concentrations than saplings treated with
pH 5.0 mist on two of three dates assessed (November 1994
and January 1995) (Table 3). Theinfluence of pH 3.0 mist on
mCa was also observed in the supplemental study conducted
in 1997-98 (Table 3). Significant acid mist x Al treatment in-
teractions were detected in September 1994 and January 1995
(Figure 1). The pH 3.0 mist treatment decreased foliar mCa
concentrationsin September for saplingsthat received 0.0 uM
Al, and in January for saplings that received 200 uM Al.
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Cold tolerance

Acid mist treatment consistently reduced the cold tolerance of
current-year foliage (Table 4). Mean reductionsin cold toler-
ance (3.5, 5.6, and 4.6 °C in November, January, and Febru-
ary, respectively) were comparable to decreases documented
for red spruce saplings exposed to ambient acid cloud water in

late autumn (3 °C) and winter (5 °C) (DeHayes et a. 1991).
Anevenlarger reduction in cold tolerance (8 °C) was detected
for acid-treated saplings in the supplemental experiment that
received equal concentrations of SO3~ across mist treatments
(Table 4). No effects of soil solution Ca or Al treatments on
cold tolerance were detected and no interactions among treat-
ments were found.

Table 2. Effectsof acid mist and soil solution Caand Al treatments on leaching of cationsfrom current-year foliage of red spruce seedlingsin Au-
gust 1994. Similar results were found for analyses conducted in July and September 1994,

Factor Treatment Mean element concentration in leachate (ug 1 72%)

Al B Ca Fe K Mg Mn P Zn

Mist pH 3 68***1 35 233*** 38 ** 221 38** B*** 17** 104 **
5 8 15 64 0 153 22 1 6 23
Soil Ca 0 32 23 172 14 214 35 3 37 61
25 27 17 101 4 45 26 2 33 54
75 38 26 165 30 275 27 4 59 74
225 51 33 150 24 216 30 4 29 63
Soil Al 0 45 32 162 22 317 37xx* 4 51 69
200 30 19 133 14 71 23 3 29 58

! Significance values: ** and *** denote P < 0.05 and 0.01, respectively (ANOVA).

Table 3. Effects of acid mist and soil solution Caand Al treatments on membrane-associated Ca (mCa) in the current-year foliage of red spruce

seedlings.
Factor Treatment Mean relative mCa concentration®
September 94 November 94 January 95 February 98
Mist pH 3 0.213 0.161**2 0.118** 0.204*
5 0.221 0.190 0.177 0.246

Soil Ca 0 0.208 0.178 0.148 -

225 0.226 0.173 0.146 -
Soil Al 0 0.209 0.175 0.140 -

200 0.225 0.175 0.154 -

1 values presented are adjusted pixel brightness ratios that range from 0 (no Ca) to 1 (high Ca) (Borer et al. 1997).
2 Significance values. * and ** denote P < 0.10 and 0.05, respectively (ANOVA).

Table 4. Effects of acid mist and soil solution Caand Al treatments on cold tolerance of current-year foliage of red spruce seedlings.

Factor Treatment Mean critical temperature® (°C)
November 94 January 95 February 95 February 98
Mist pH 3 —44,5%*%2 —51.5%* —44 9% * —44 5% *
5 -48.0 -57.0 —-49.4 -53.8
Soil Ca 0 —45.4 -53.8 —45.6 -
25 -47.0 -56.2 -49.9 -
75 -45.2 -51.5 -46.5 -
225 —47.2 -55.8 —46.7 -
Soil Al 0 —46.5 -54.0 —47.8 -
200 -45.9 -54.6 —46.6 -

! Temperature indicated is the highest at which significant electrolyte |eakage occurred.
2 Significance values. ** and *** denote P < 0.05 and 0.01, respectively (ANOVA).
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Table5. Effectsof acid mist and soil solution Caand Al treatments on diameter, height and shoot lengths of red spruce seedlings measured August

1994.
Factor Treatment Mean growth parameters (mm)
Stem diameter Tota height Lateral shoot length Leader length
Mist pH 3 10.2 4425 35.4*1 49.2%
5 104 440.8 319 39.8
Soil Ca 0 10.3 443.2 32.3 40.0
25 10.2 431.5 324 45.7
75 10.6 450.9 36.0 47.2
225 10.3 441.2 338 44.3
Soil Al 0 10.5*** 450.2*** 37.4%** 51L.7***
200 10.1 433.1 29.9 37.1

! Significance values: * and *** denote P < 0.10 and 0.01, respectively (ANOVA).

Table 6. Effects of acid mist and soil solution Caand Al treatments on mean photosynthesis (P, pmol m2s™%), respiration (R, pmol m=2s™2), and
photosynthesis to respiration ratios (P:R) for red spruce seedlings.

Factor Treatment July 1994 September 1994 November 1994
P R PR P R PR P R PR
Mist pH 3 8.92 221 4.62 9.65 2.09 5.09 4.22 0.97 474
5 9.44 2.28 4.75 10.15 2.03 5.54 4.42 0.97 4.86
Sail Ca 0 9.77 1.90 a**12 566 a** 10.04 2.04 532 4.48 1.04 4.68
25 9.02 237b 434b 10.26 2.25 4.92 4.39 0.92 4.99
75 9.39 2.22b 472b 9.55 1.94 5.36 3.99 0.94 4.63
225 8.55 248b 4.03b 9.73 2.00 5.62 4.44 0.98 4.90
Sail Al 0 8.82* 2.47%* 4.08** 10.29** 210 5.43 4.40 0.95 4.92
200 9.56 2.01 5.32 9.50 2.03 5.18 4.24 0.99 4.68

1 Calcium treatment means with the same letter are not different (P < 0.10) based on the Tukey-Kramer HSD test.
2 Significance values. * and ** denote P < 0.10 and 0.05, respectively (ANOVA).

Membrane integrity

In the supplemental study in February 1998, there was greater
electrolyte leakage from current-year needles of pH
3.0-treated saplings than from current-year needles from pH
5.0-treated saplings (mean relative electrolyte leakage of 0.38
and 0.25, respectively, P = 0.06, n = 16), indicating that acid
mist destabilized plasma membranes. Enhanced electrolyte
leakage from pH 3.0-treated foliage significantly exceeded
conductivity differences expected for treatment-associated H*
residues and the enhancement was evident even when differ-
ential H" loading was accounted for by assessing relative con-
ductivity. Acid-induced membrane destabilization occurred
even though saplings only received the mist treatments from
September to November 1997.

Growth

Saplingstreated with pH 3.0 mist had longer leader and | ateral
shootsthan saplingstreated with pH 5.0 mist (Table5). Soil Al
additions resulted in significant reductions in all measure-
ments of stem growth (Table 5). A mist pH x Al treatment in-

teraction for leader length was also evident and indicated that
increasesin leader ength associated with the pH 3.0 treatment
were offset by the inhibitory influence of added soil Al
(Figure 1). The Catreatment had no effect on stem growth.

Gas exchange

Photosynthetic rates were high through September (Table 6),
but by November, photosynthetic rates had decreased to less
than half of maximal rates. For all dates, rates of respiration
were approximately 20% of photosynthetic rates. Stomatal
conductancesin July and September were 165+ 3and 172+ 3
mmol 17! s7, respectively. These values are similar to those
reported for red spruce during the growing season (Eamus and
Fowler 1990, Amundson et al. 1992), whereas the November
values (52 + 2 mmol 17 s™) indicated some stomatal restric-
tion. No treatment differences in stomatal conductance were
found (datanot shown), and no differencesin net photosynthe-
Sis or respiration attributable to acid mist treatment were de-
tected (Table 6). However, severa aterationsin gas exchange
associated with soil solution treatments were found (Table 6).
Soil treatment effects were most evident in July when soil Al
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addition resulted in lower respiration rates and higher net pho-
tosynthesis and photosynthesisto respiration ratios (P:R). Be-
cause periodic measurements indicated that shoots were till
elongating in July (data not shown), it seems probabl e that the
Al treatment reduced not only growth (Table 5) but aso
growth-associated respiration (Table 6), thereby increasing
net photosynthesis (Table 6). Calcium additions resulted in
higher rates of respiration and lower P:R ratios in July. Cal-
cium-induced increases in respiration were not the result of
differential stem growth (Table 5), but may have been associ-
ated with alterationsin some unmeasured parameter (e.g., root
growth, and rate or timing of shoot development) that influ-
enced respiration. In September, the only effect of treatment
on gas exchangewas an Al-induced reduction in net photosyn-
thesis. No treatment-associated differences in carbon ex-
change were evident in November.

Discussion

Calcium additions had comparatively little influence on foliar
chemistry and physiology, whereas Al additions reduced fo-
liar concentrations of Ca, Mg, Mn, Pand Zn, disrupted gas ex-
change during July and September, and resulted in smaller
stem diameters, plant heights, and shoot Iengths. Reductions
in aboveground growth in response to approximately 200 uM
Al have previously been reported for young (= lyear old) red
spruce (Thornton et al. 1987, Josin and Wolfe 1988,
Cumming and Brown 1994, Schier 1996); however, declines
in root growth are generally more pronounced (Thornton et al.
1987, Joslin and Wolfe 1988, Schier 1996). Our findingsindi-
cate that Al-induced reductionsin stem growth can also occur
in older (7-year-old) saplings grown outdoors.

While shootswere elongating in July, Al addition decreased
respiration and increased net photosynthesis (Table 6), proba-
bly as aresult of Al-induced reductions in growth (Table 5).
Presumably because of the timing of measurements and the
prominence of growth respiration, our results contrast with re-
ports of Al-induced reductions in net photosynthesis
(McCanny et a. 1995) and increases in respiration
(McLaughlin et al. 1990, 1991) for mature shoots. However,
measurements made in September following growth cessation
were more consistent with the literature, and showed reduc-
tions in net photosynthesis in response to the Al treatment
(Table 6).

Reductionsin net photosynthesis have been reported for red
spruce seedlings grown in sand culture in the presence of
250 uM Al (McCanny et a. 1995). Increasesin respiration and
reductions in P:R ratios have also been documented for
montane red spruce with high foliar Al concentrations
(McLaughlinet a. 1990, 1991). Aluminum may influence gas
exchange and growth through an indirect effect on plant min-
eral nutrition, particularly Ca nutrition (McLaughlin et al.
1990, 1991). The concomitant effects of Al on plant nutrition
and physiology that we observed could be interpreted as evi-
dence of thisindirect influence. However, other evidenceindi-
catesthat Al can be directly phytotoxic (Haug 1984, Kochian
1995) as a result of binding with orthophosphate groups of

critical biomolecules such as nucleotides, nucleic acids, ATP,
calmodulin, membrane phospholipids, ATPases, and other en-
Zymes.

Although Al treatment reduced the concentrations of six el-
ementsin foliage (Table 1), the resulting concentrations were
within the range of sufficiency established for red spruce seed-
lings (Swan 1971). The finding that Al treatment reduced sap-
ling growth even though foliar concentrations of Caand other
elements were well above reported deficiency values is sug-
gestive of atoxicity mechanism that is separate from theinflu-
ence of Al on nutrition. Aluminum-induced reductions in
growth were also found by Joslin and Wolfe (1988) for red
spruce seedlings with sufficient foliar Ca and Mg concentra-
tions. Similar findings were recently reported for red spruce
cells grown in suspension, where Al-induced reductions in
cell growth occurred without consistent effectson cellular Ca,
Mg or Mn concentration (Minocha et al. 1996). In our study,
the absence of significant Al x Cainteractions on growth sug-
gests that the effect of Al was not the result of Ca deficiency.
Furthermore, Al-induced reductionsin growth were not ame-
liorated by soil solution Caadditions. The independence of Al
toxicity development and Canutrition isalso supported by the
lack of an Al treatment effect on mCa concentrations (Table
3). Aluminum addition reduced growth and altered gas ex-
change but had no influence on this biologically important Ca
pool.

Whatever the mechanism of Al toxicity, our data indicate
that Al concentrations within the range reported for soil solu-
tionsin red spruce forests (Miller et a. 1992) can disrupt the
mineral nutrition, carbon relations and growth of red spruce
saplings. However, Al treatment had no effect on foliar cold
tolerance. Because freezing injury is a fundamental compo-
nent of red spruce declinein the northeastern USA, the lack of
aresponse in cold tolerance to Al treatment raises questions
about the relevance of Al-induced changes in physiology to
red spruce decline in northern forests.

Although soil Caand Al treatments both influenced total fo-
liar Caconcentrations, neither treatment altered mCa concen-
trations. Total foliar Ca and mCa concentrations are not well
correlated at total Ca concentrations above deficiency values
(DeHayes et a. 1999). Thislack of correspondence probably
results from the accretion of Ca in the apoplast of needles
when Ca is abundant, where it accumulates as insoluble Ca
oxaate crystals within cell walls (Fink 1991). These crystals
typically comprise the bulk of total Ca within spruce needles
(Fink 1991). Despite their growth in low Ca soils, even plants
that received O pM supplemental Ca had total foliar Ca con-
centrations (Table 1) above the 800 mg kg™ deficiency value
determined for red spruce seedlings (Swan 1971). Although
Caand Al treatments altered the accumulation of total foliar
Ca (which is dominated by Ca oxalate crystals), these treat-
ments had no influence on the physiologically important pool
of Ca associated with the plasma membranes of mesophyll
cells (mCa).

Acid mist treatment resulted in increased foliar Fe and K
concentrations (Table 1), possibly as aresult of the increased
availability of these cations in acidified soils (Bohn et al.
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1985). Acid additions also increased leaching of Ca, Mg, Mn,
Zn, Fe, and Al from foliage (Table 2). Numerous studies have
shown that acid deposition leaches an array of cations, includ-
ing Ca, Mg, K, Mn, Zn, and Fe, from foliage (Scherbatskoy
and Klein 1983, Mengel et a. 1987, Jodlin et al. 1988, Klemm
et al. 1989, Schier and Jensen 1992). It has been proposed that
acid deposition-induced cation leaching could result from in-
puts of H*, or SOZ~, or both (Edwards et al. 1995). However,
reductionsin H* concentrationsin throughfall following foliar
contact without similar changes in SO3~ concentrations (Jos-
lin et a. 1988, McLaughlin et a. 1996) indicate that leaching
lossesarenot driven by SO~ inputs, but aremorelikely there-
sult of H*-induced cation exchange. The relative importance
of H" versus SO~ additions to cation leaching is also high-
lighted by additional data from our laboratory. In a separate
study, we found significantly greater cation leaching (P =
0.05) from saplings treated with pH 3.0 mist than from sap-
lings treated with pH 5.0 mist, even when mists contained no
SO (DeHayes et al. 1999).

Similar to results from both field (Joslin et al. 1988) and
simulation (Edwards et al. 1995) studies, leaching |osses of Ca
were considerably greater than losses of other cations. Prefer-
ential leaching of Cawas probably associated, in part, with the
relative abundance of Cacompared with many other foliar ele-
ments (Table 1). The location of elemental pools may have
also influenced leaching. Although cations such as K have a
greater permeability to transport through the cuticle, Ca can
exhibit a greater rate of leaching, presumably because of its
high concentration in cell walls (Klemm et al. 1989). Leached
cations are derived from the surface or intercellular free space
of foliage (Schier and Jensen 1992), and Ca is unique among
cationsin that adominant and physiologically important pool
exists external to the cytoplasm (Marschner 1986). However,
not all extracellular Cais equally vulnerable to leaching. The
major fraction of Cain red spruce needles exists as insoluble
Ca-oxalate crystalsin the apoplast (Fink 1991). In contrast to
thislarge, but stable pool, Caassociated with the plasmamem-
brane (mCa) is more readily available for acid-induced cation
exchange and loss through the cuticle. This differential sus-
ceptibility of extracellular Ca pools is reflected in our data.
Calcium leaching resulted in significant reductions in mCa,
whereas no changes in total foliar Cawere detected. Further-
more, because the supplemental study had similar SO3~ con-
centrations in pH 3.0 and 5.0 mists, and because mist
application occurred only in autumn, it is evident that the
leaching-induced mCa reduction is independent of SO3~ ex-
posure and can be induced after growth has ceased.

In addition to the high vulnerability of Cato leaching loss,
Cadepletion may be harder to overcome than the loss of other
foliar cations because Ca is not mobile in the phloem
(Marschner 1986). Leaching-induced reductions in other cat-
ions can be compensated for by phloem transport, whereasthe
resupply of depleted Ca is dependent on recharge through the
xylem. Reliance on Cainput by the transpiration stream might
particularly limit the re-supply of Caleached during autumn,
when transpiration rates are typicaly low (Havranek and
Tranquillini 1995). The finding that acid-mist-induced reduc-

tionsin mCawere not detected until November may reflect the
influence of seasonal declines in Ca supply on the develop-
ment of mCa deficits.

Acid mist treatment significantly enhanced shoot growth
(Table5), probably as aresult of H*-induced increasesin cell
wall loosening and growth (Salisbury and Ross 1985). Al-
though these results are corroborated by other reports of
acid-induced increases in red spruce growth (Taylor et al.
1986, Lee et a. 1990), numerous reports of negative
(McLaughlin and Kohut 1992, McLaughlin et a. 1993) or
neutral (Seiler and Paganelli 1987, Laurence et al. 1989,
Kohut et al. 1990) growth effects also exist.

No acid-induced alterations in net photosynthesis or respi-
ration were detected (Table 6). Reports of neutral or positive
effects of acid deposition on photosynthesis predominate in
the literature (Taylor et a. 1986, Seiler and Paganelli 1987,
Kohut et al. 1988, Laurence et al. 1989, Kohut et al. 1990,
Eamus and Fowler 1990, Thornton et al. 1990, Thornton et al.
1994). However, thelack of arespiration responsein our study
contrasts with the documented acid-induced increases in res-
piration reported by McLaughlin and Tjoelker (1992) and
McLaughlinet a. (1993). Thisdiscrepancy may reflect differ-
ences in aggregate H* loads applied. Although total water ad-
ditions were somewhat greater in our study, acid mist inputs
were approximately four times greater in the McLaughlin
studies (McLaughlin and Tjoelker 1992, McLaughlin et al.
1993). Although acid inputs did not alter respiration rates in
our study, they caused other effects on cation relations (leach-
ing and mCa concentrations), growth, and physiology (cold
tolerance).

Acid mist exposure significantly reduced the extent of fall
and winter cold tolerance (Table 4) (cf. Fowler et al. 1989,
DeHayes et al. 1991, Jacobson et a. 1992, Vann et a. 1992,
Waite et al. 1994). Although the chemical composition of
cloud water in the eastern United Statesis dominated by NO5,
SO:~, NH;, and H* (Mohnen 1992), evidence indicates that
H* ions are responsible for reducing the foliar cold tolerance
of red spruce during winter. For exampl e, although anionic ad-
ditions, especially SO?™ (Capeet a. 1991), can decreasefoliar
cold tolerance in autumn (Cape et a. 1991, Jacobson et al.
1992), only H* additions reduce cold tolerance in both autumn
and winter (Jacobson et al. 1992). Datafrom our 1997-98 sup-
plemental study indicated that the pH 3.0 mist treatment re-
sultedinan 8 °C reduction in cold tolerance relative to the pH
5.0 treatment (Table 4) even though mist solutions contained
similar concentrations of SO?". Significant reductionsin win-
ter cold tolerance have also been observed in saplings treated
with acid mists containing no NO3, SO~ or NH; (solutions
were acidified with HCI) (DeHayes et al. 1999).

Despite evidence for the specific influence of H* on cold
tolerance, the mechanism by which H* inputs alter cold toler-
ance has not been explored. We propose that acid-induced
leaching of mCa from mesophyll cells is the mechanism for
H*-induced reductions in cold tolerance. Calcium in the
plasma membrane cell wall region of plant cells functions in
the protection of plants from low temperature injury. Calcium
isanintegral component of cell membrane structure and func-
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tion, stabilizing membranes by bridging phosphate and
carboxylate groups of membrane phospholipids and proteins
(Paltaand Li 1978, Legge et al. 1982, Davies and Monk-Tal-
bot 1990). The plasma membrane plays a central role in cold
acclimation and low temperature injury in plants (Pomeroy
and Andrews 1985, Daviesand Monk-Talbot 1990, Steponkus
1990). By influencing membrane architecture, Ca influences
solution movement across membranes, the ability of cells to
resist dehydration, extracellular ice damage, and, at least in
some cases, intracellular freezing during cold acclimation.
Extracellular Ca, including membrane-associated Ca
(Atkinson et a. 1990), also serves asan important second mes-
senger and plays a cruciad role in the perception and
transduction of low temperature signals during cold acclima-
tion (Dhindsa et al. 1993). Studies with crop plants have dem-
onstrated that the loss or restriction of Ca enhances
susceptibility to freezing injury (Pomeroy and Andrews 1985,
Arora and Palta 1986, Monroy et al. 1993, Crotty and Poole
1995), whereas the addition of Cato the extracellular solution
can prevent freezing injury (Arora and Palta 1988). If H* of
acid mist displaced and leached Ca from the plasma mem-
brane, resulting losses of mCa could destabilize membranes
and enhance their susceptibility to freezing injury.

The effect of the acid mist treatments on mCa poolsthat we
document supports a mechanism by which acidic inputs in-
crease the susceptibility of red spruce to freezing injury. Acid
deposition can increase the solubility of soil Al and interfere
with the availability and uptake of Ca (Clarkson and Sander-
son 1971, Haynes 1980, Godbold et a. 1988, Cronan 1991).
Our manipulations of soil solution Al and Ca concentrations
within therange reported for red spruceforestsaltered total fo-
liar Caand Al concentrationsaswell asother foliar cation con-
centrations. Treatment-induced reductions in total foliar Ca
reflect areduction in extracel lular Caaccumulation as aresult
of low soil availability or Al-induced reductionsin Ca uptake
and assimilation. Importantly, soil-based Caand Al treatments
had measurable effects on sapling physiology: they altered
sapling growth (Al only) and gas exchange (Caand Al). How-
ever, perhaps because Ca and Al manipulations did not alter
critical mCaconcentrations, these treatmentsdid not influence
cold tolerance. In contrast, acid mist leached Cafrom foliage,
reduced mCa concentrations in mesophyll cells, and consis-
tently decreased foliar cold tolerance. In addition, acid-in-
duced mCa reductions were accompanied by significant
declinesin membrane stability that were evident before freez-
ing stress, but were exacerbated by subfreezing temperatures
(i.e., reduced cold tolerance). Combined with extensive docu-
mentation of the important role that Ca playsin plant cold tol-
erance, these results support the hypothesis that
acid-mist-induced reductions in cold tolerance are mediated
through adepletion of mCa. Foliar leaching of mCaresultedin
cold tolerance reductions even among plants given Ca abun-
dant soil treatments and containing total foliar Ca concentra-
tions that seemed sufficient (Swan 1971). Although direct
acid-induced disruption of mCa appeared to override soil Ca
influences, greater correspondence between soil Ca and mCa

pools would be expected in more severely limited soil Caen-
vironments because soil Ca is the ultimate source of foliar
mCa.

Acid-deposition-induced Cadeficiency hasbeenlargely ac-
knowledged as the explanation for the reduced growth of red
spruce in the southern Appal achians, whereas freezing injury
has been largely accepted as the explanation for the mortality
and reduced growth of red spruce in the northern Appaa-
chians (Johnson et al. 1992). The proposed mCa—cold toler-
ance relationship (acid-deposition-induced Ca depletion) pro-
videsaunifying and viable explanation for red spruce decline
throughout much of its range.

Acknowledgments

We thank Dr. Bud Etherton (Botany Department, The University of
Vermont), and Dr. Timothy Perkins (Proctor Maple Research Center,
The University of Vermont) for reviewing an earlier draft of this
manuscript. Thanks are also extended to John D. Alexander for his
help with treatment imposition and data collection. Thisresearch was
supported in part by funds from the USDA NRI Competitive Grants
Program (Grant No. 92-37100-7740), the Forest Service Northern
Global Change Program (USDA No. 23-220) and the USDA
CSREES Mclntire-Stennis Forest Research Program.

References

Alexander, J.D., J.R. Donnelly and J.B. Shane. 1995. Photosynthetic
and transpirational responses of red spruce understory treesto light
and temperature. Tree Physiol. 15:393—-398.

Amundson, R.G., JL. Hadley, JF. Fincher, S. Fellows and R.G.
Alscher. 1992. Comparisons of seasonal changesin photosynthetic
capacity, pigments, and carbohydrates of healthy sapling and ma-
turered spruce and of declining and healthy red spruce. Can. J. For.
Res. 22:1605-1616.

Arora, R. and J.P. Palta. 1986. Protoplasmic swelling asasymptom of
freezing injury in onion bulb cells. Plant Physiol. 82:625—-629.
Arora, R. and J.P. Palta. 1988. In vivo perturbation of membrane-as-
sociated calcium by freeze-thaw stress in onion bulb cells. Plant

Physiol. 87:622—628.

Atkinson, M.M., L.D. Keppler, EW. Orlandi, C.J. Baker and C.F.
Mischke. 1990. Involvement of plasma membrane calcium influx
in bacterial induction of the K*/H* and hypersensitive responsesin
tobacco. Plant Physiol. 92:215-221.

Bohn, H.L., B.L. McNeal and G.A. O’ Connor. 1985. Soil chemistry.
John Wiley and Sons, New York, 341 p.

Bondietti, E.A., N. Momoshima, W.C. Shortle and K.T. Smith. 1990.
A historical perspective on divalent cation trends in red spruce
stemwood and the hypothetical relationship to acid deposition.
Can. J. For. Res. 20:1850-1858.

Borer, C.H., D.H. DeHayes, P.G. Schaberg and J.R. Cumming. 1997.
Relative quantification of membrane-associated calcium (mCa) in
red spruce mesophyll cells. Trees 12:21-26.

Branquinho, C., D.H. Brown and F. Catarino. 1997. Thecellular loca-
tion of Cu on lichens and its effects on membrane integrity and
chlorophyll fluorescence. Environ. Exp. Bot. 38:165-179.

Bush, D.S. 1995. Calcium regulation in plant cellsand itsrolein sig-
naling. Annu. Rev. Plant Physiol. Plant Mol. Biol. 46:95-122.
Cape, JN., I.D., Leith, D. Fowler, M.B. Murray, L.J. Sheppard, D.
Eamus and R.H.F. Wilson. 1991. Sulphate and ammonium in mist
impair the frost hardiness of red spruce seedlings. New Phytol.

125:119-126.

TREE PHYSIOLOGY VOLUME 20, 2000



EFFECTS OF ACID MIST AND SOIL CA AND AL ON RED SPRUCE 83

Caswell, A.H. and J.D. Hutchinson. 1971. Selectivity of cation
chelation to tetracyclines. Evidence for special conformation of
calcium chelate. Biochem. Biophys. Res. Commun. 43:625-630.

Clarkson, D.T. and J. Sanderson. 1971. Inhibition of the uptake and
long-distance transport of calcium by auminum and other
polyvalent cations. J. Exp. Bot. 22:837—-851.

Cronan, C.S. 1991. Differential adsorption of Al, Ca, and Mg by roots
of red spruce (Picea rubens Sarg.). Tree Physiol. 8:227-237.

Crotty, C.M. and R.J. Poole. 1995. Activation of an outward rectify-
ing current by low temperaturein alfalfaprotoplasts. Plant Physiol.
108:38.

Cumming, J.R. and SM. Brown. 1994. Effects of elevated nitrate and
a uminum on the growth and nutrition of red spruce (Picea rubens)
seedlings. Tree Physiol. 14:589-599.

David, M.B. and G.B. Lawrence. 1996. Soil and soil solution chemis-
try under red spruce stands across the northeastern United States.
Soil Sci. 161:314-328.

Davies, H.W. and L.S. Monk-Talbot. 1990. Permesability characteris-
ticsand membranelipid composition of potato tuber cultivarsinre-
lation to Ca?* deficiency. Phytochemistry 29:2833—2825.

DeHayes, D.H. 1992. Winter injury and devel opmental cold tolerance
in red spruce. In The Ecology and Decline of Red Spruce in the
Eastern United States. Eds. C. Eager and M.B. Adams.
Springer-Verlag, New Y ork, pp 296—337.

DeHayes, D.H. and M.W. Williams. 1989. Critical temperature: A
quantitative method of assessing cold tolerance. Gen. Tech. Rep.
NE-134. Broomall, PA. USDA Forest Service, Northeastern Forest
Experiment Station, 6 p.

DeHayes, D.H., C.E. Waite, M.A. Ingle and M.W. Williams. 1990.
Winter injury susceptibility and cold tolerance of current and
year-old needles of red spruce treesfrom several provenances. For.
Sci. 36:982—994.

DeHayes, D.H., F.C. Thornton, C.E. Waite and M.A. Ingle. 1991.
Ambient cloud deposition reduces cold tolerance of red spruce
seedlings. Can. J. For. Res. 21:1292-1295.

DeHayes, D.H., P.G. Schaberg, G.J. Hawley, C.H. Borer, J.R. Cum-
ming and G.R. Strimbeck. 1997. Physiological implications of sea-
sonal variation in membrane-associated calcium in red spruce
mesophyll cells. Tree Physiol. 17:687—695.

DeHayes, D.H., P.G. Schaberg, G.J. Hawley and G.R. Strimbeck.
1999. Acid rainimpacts cal cium nutrition and forest health. Biosci-
ence 49:789-800.

Dhindsa, R.S., A. Monroy, L. Wolfraim and G. Dong. 1993. Signal
transduction and gene expression during cold acclimation in al-
fafa In Advances in Plant Cold Hardiness. Eds. P.H. Li and L.
Christersson. CRC Press, Boca Raton. pp. 57-72.

Edwards, G.S., R.E. Sherman and JM. Kelly. 1995. Red spruce and
loblolly pine nutritional responses to acidic precipitation and
ozone. Environ. Pollut. 89:9-15.

Eamus, D. and D. Fowler. 1990. Photosynthetic and stomatal conduc-
tance responses to acid mist of red spruce. Plant Cell Environ.
13:349-357.

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

Fowler, D., JN. Cape, JD. Deans, |.D. Leith, M.B. Murray, R.I.
Smith, L.J. Sheppard and M.H. Unsworth. 1989. Effects of acid
mist on the frost hardiness of red spruce seedlings. New Phytol.
113:321-335.

Friedland, A.J., G.J. Hawley and R.A. Gregory. 1988. Red spruce
(Picea rubens Sarg.) foliar chemistry in Northern Vermont and
New York, USA. Plant Soil 105:189-193.

Godbold, D.L., K. Dictus and A. Hutterman. 1988. Influence of alu-
minum and nitrate on root growth and mineral nutrition of Norway
spruce (Picea abies). Can. J. For. Res. 18:1167-1171.

Haug, A. 1984. Molecular aspects of auminum toxicity. CRC Cirit.
Rev. Plant Sci. 1:345-373.

Havranek, W.M. and W. Tranquillini. 1995. Physiological processes
during winter dormancy and their ecologica significance. In
Ecophysiology of Coniferous Forests. Eds. W.K. Smith and T.M.
Hinckley. Academic Press, New Y ork, pp 95-124.

Haynes, R.J. 1980. |on exchange properties of rootsand ionic interac-
tions within the root apoplasm: their role in ion accumulation by
plants. Bot. Rev. 46:75-99.

Jacobson, J.S., L.I. Heller, S.J. L’Hirondelle and J.P. Lassoie. 1992.
Phenology and cold tolerance of red spruce (Picea rubens Sarg.)
seedlings exposed to sulfuric and nitric acid mist. Scand. J. For.
Res. 7:331-344.

Johnson, A.H. 1992. Therole of abiotic stresses in the decline of red
sprucein high elevation forests of the eastern United States. Annu.
Rev. Phytopathol. 30:349-367.

Johnson, A.H., E.R. Cook and T.G. Siccama. 1988. Climate and red
spruce growth and decline in the northern Appalachians. Proc.
Natl. Acad. Sci. USA 85:5369-5373.

Johnson, A.H., S.B. McLaughlin, M.B. Adams, E.R. Cook, D.H.
DeHayes, C. Eagar, 1.J. Fernandez, D.W. Johnson, R.J. Kohut,
V.A. Mohnen, N.S. Nicholas, D.R. Peart, G.A. Schier and P.S.
White. 1992. Synthesis and conclusions from epidemiological and
mechanistic studies of red spruce decline. In The Ecology and De-
cline of Red Sprucein the Eastern United States. Eds. C. Eager and
M.B. Adams. Springer-Verlag, New Y ork, pp 385—411.

Johnson, D.W. and |.J. Fernandez. 1992. Soil mediated effects of at-
mospheric deposition on eastern U.S. spruce-fir forests. In The
Ecology and Decline of Red Spruce in the Eastern United States.
Eds. C. Eager and M.B. Adams. Springer-Verlag, New York,
pp 235-270.

Jodlin, J.D. and M.H. Wolfe. 1988. Responses of red spruce seedlings
to changes in soil aluminum in six amended forest soil horizons.
Can. J. For. Res. 18:1614-1623.

Jodlin, J.D. and M.H. Wolfe. 1992. Red spruce soil solution chemistry
and root distribution across acloud water deposition gradient. Can.
J. For. Res. 22:893-904.

Joslin, J.D., C. McDuffie and P.F. Brewer. 1988. Acidic cloud water
and cation loss from red spruce foliage. Water Air Soil Pollut.
39:355-363.

Klemm, O., U. Kuhn, E. Beck, C. Katz, R. Oren, E.-D. Schulze,
E. Steudle, E. Mitterhuber, H. Pfanz, W.M. Kaiser, M. Kaupen-
johann, B.-U. Schneider, R. Hantschel, R. Horn and W. Zech.
1989. Leaching and uptake of ions through above-ground Norway
spruce tree parts. In Forest Decline and Air Pollution. Eds. E.-D.
Schulze, O.L. Lange and R. Oren. Springer-Verlag, New Y ork, pp
210-237.

Kochian, L.V. 1995. Cellular mechanisms of aluminum toxicity and
resistance in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol.
46:237-260.

Kohut, R.J., JA. Laurence and R.G. Amundson. 1988. Evaluation of
the effects of ozone and acidic precipitation, alone and in combina-
tion, on the photosynthesis, nutrition, and growth of red spruce. In
Proc. Of the US/FRG Res. Symp.: Effects of Atmospheric Pollut-
ants on the Spruce—Fir Forests of the Eastern United States and the
Federal Republic of Germany. USDA For. Serv., NE For. Exp. Sta-
tion Gen. Tech. Rep. NE-120, NE For. Exp. Station, Broomall, PA,
pp 407-411.

TREE PHY SIOLOGY ON-LINE at http://www.heronpublishing.com



84 SCHABERG ET AL.

Kohut, R.J., R.G. Amundson, JA. Laurence and L.J. Calavito. 1989.
Evaluation of the effects of ozone and acid rain on the cold toler-
ance of sapling red spruce. USDA Forest Service Spruce—Fir Res.
Coop., NE For. Exp. Station, Radnor, PA, 27 p.

Kohut, R.J., JA. Laurence, R.G. Amundson, R.M. Raba and J.J.
Melkonian. 1990. Effects of ozone and acid precipitation on the
growth and photosynthesis of red spruce after two years of expo-
sure. Water Air Soil Pollut. 51:277—-286.

Laurence, JA., R.J. Kohut and R.G. Amundson. 1989. Response of
red spruce seedlings to ozone and simulated acid precipitation in
the field. Arch. Environ. Contam. Toxicol. 18:285—-290.

Lee, W.S., B.l. Chevone and J.R. Seiler. 1990. Growth response and
drought susceptibility of red spruce seedlings exposed to simulated
acidic rain and ozone. For. Sci. 36:265-275.

Legge, R.L., E. Thompson, J.E. Baker and M. Lieberman. 1982. The
effect of calcium on the fluidity and phase properties of
microsomal membranes isolated from postclimateric Golden Deli-
cious apples. Plant Cell Physiol. 23:161-1609.

Li,Z.andV. Anga 1992. Regional analysisof cloud water chemistry
at high elevations in the Eastern United States. Atmos. Environ.
26:2001-2017.

Likens, G.E., C.T. Driscoll and D.C. Buso. 1996. Long-term effects
of acid rain: response and recovery of aforest ecosystem. Science
272:244-246.

Marschner, H. 1986. Mineral nutrition of higher plants. Academic
Press, New York, 674 p.

McCanny, S.J., W.H. Hendershot, M.J. Lechowicz and B. Shipley.
1995. The effects of aluminum on Picea rubens: factorial experi-
ments using sand culture. Can. J. For. Res. 25:8-17.

McLaughlin, JW., 1.J. Fernandez and K.J. Richards. 1996. Atmo-
spheric deposition to a low-elevation spruce-fir forest, Maine,
USA. J. Environ. Qual. 25:248—259.

McLaughlin, S.B. and R.J. Kohut. 1992. The effects of atmospheric
deposition and ozone on carbon allocation and associated physio-
logical processesin red spruce. In The Ecology and Decline of Red
Spruce in the Eastern United States. Eds. C. Eager and M.B. Ad-
ams. Springer-Verlag, New Y ork, pp 338—382.

McLaughlin, S.B. and M.J. Tjoelker. 1992. Growth and physiological
changesin red spruce saplings associated with acidic deposition at
high elevations in the southern Appalachians, USA. For. Ecol.
Manag. 51: 43-51.

McLaughlin, S.B., C.P. Anderson, N.T. Edwards, W.K. Roy and P.A.
Layton. 1990. Seasonal patterns of photosynthesis and respiration
of red spruce from two elevations in declining southern Appala-
chian stands. Can. J. For. Res. 20: 485-495.

McLaughlin, S.B., C.P. Anderson, P.J. Hanson, M.G. Tjoelker and
W.K. Roy. 1991. Increased dark respiration and calcium defi-
ciency of red spruce in relation to acidic deposition at high-eleva-
tion southern Appalachian Mountain sites. Can. J. For. Res.
21:1234-1244.

McLaughlin, S.B., M.G. Tjoelker and W.K. Roy. 1993. Acid deposi-
tion alters red spruce physiology: laboratory studies support field
observations. Can. J. For. Res. 23: 380—386.

Mengel, K., H.F. Lutzand M.T. Breininger. 1987. Auswaschung von
Nahrstoffen durch sduren Nebel ausjungen intakten Fichten (Picea
abies). Z. Pflanzenphysiol. 150:61-68.

Miller, EK., T.G. Huntington, A.H. Johnson and A.J. Friedland.
1992. Aluminum in soil solutions from a subal pine spruce-fir for-
est a Whiteface Mountain, New York. J. Environ. Qual.
21:345-352.

Minocha, R., W.C. Shortle, D.J. Coughlin and S.C. Minocha. 1996.
Effects of aluminum on growth, polyamine metabolism, and inor-
ganic ions in suspension cultures of red spruce (Picea rubens).
Can. J. For. Res. 26:550-559.

Mohnen, V.A. 1992. Atmospheric deposition and pollutant exposure
of eastern U.S. forests. In The Ecology and Decline of Red Spruce
in the Easten United States. Eds. C. Eager and M.B. Adams.
Springer-Verlag, New York, pp 64-124.

Monroy, A.F., F. Sarban and R.S. Dhindsa. 1993. Cold-induced
changes in freezing tolerance, protein phosphorylation and gene
expression: evidence for a role of cacium. Plant Physiol.
102:1227-1235.

Palta, J.P. and P.H. Li. 1978. Cell membrane propertiesin relation to
freezing injury. In Plant Cold Hardiness and Freezing Stress. Eds.
P.H. Li and A. Sakai. Academic Press, London, pp 93-115.

Parkinson, J.A. and G.E. Allen. 1975. A wet oxidation procedure suit-
able for the determination of nitrogen and mineral nutrientsin bio-
logical materials. Commun. Soil Sci. Plant Anal. 6:1-11.

Pomeroy, M K. and C.J. Andrews. 1985. Effects of low temperature
and calcium on survival and membrane properties of isolated win-
ter wheat cells. Plant Physiol. 78:484—488.

Reuss, J.O. and D.W. Johnson. 1986. Acid deposition and the acidifi-
cation of soil and water. In Ecol. Stud. 59. Springer-Verlag, New
York, 119 p.

Roberts, D.M. and A.C. Harmon. 1992. Cal cium-modulated proteins:
targetsof intracellular calcium signalsin higher plants. Annu. Rev.
Plant Physiol. Plant Mol. Biol. 43:375-414.

Ruter, J.M. 1996. High-temperature tolerance of Heritageriver birch
roots by pot-in-pot production systems. HortScience 31:813—-814.

Salisbury, F.B. and C.W. Ross. 1985. Plant physiology. Wadsworth
Publishing, Belmont, California, 540 p.

Schaberg, P.G., JB. Shane, G.J. Hawley, G.R. Strimbeck, D.H.
DeHayes, P.F. Cai and JR. Donnelly. 1996. Physiological
changes in red spruce seedlings during a simulated winter thaw.
Tree Physiol. 16:567-574.

Schaberg, P.G., T.D. Perkins and S.G. McNulty. 1997. Effects of
chronic low-level N additions on foliar elemental concentrations,
morphology, and gas exchange of mature montane red spruce.
Can. J. For. Res. 27:1622-1629.

Scherbatskoy, T., and R.M. Klein. 1983. Response of red spruce and
birch foliage to leaching by acidic mist. J. Environ. Qual.
12:189-195.

Schier, G.A. 1996. Effect of aluminum on growth of newly germi-
nated and 1-year-old red spruce (Picea rubens) seedlings. Can.
J. For. Res. 26:1781-1787.

Schier, G.A. and K.F. Jensen. 1992. Atmospheric deposition effects
on foliar injury and foliar leaching in red spruce. In The Ecology
and Decline of Red Sprucein the Easten United States. Eds. C. Ea-
ger and M.B. Adams. Springer-Verlag, New Y ork, pp 271-294.

Schulze, E.-D. 1989. Air pollution and forest decline in a spruce
(Picea abies) forest. Science 244:776—783.

Seiler, JR. and D.J. Paganelli. 1987. Photosynthesis and growth re-
sponse of red spruce and loblolly pineto soil-applied lead and sim-
ulated acid rain. For. Sci. 33:668—675.

Shortle, W.C. and K.T. Smith. 1988. Aluminum-induced calcium de-
ficiency syndrome in declining red spruce. Science
240:1017-1018.

Steponkus, P.L. 1990. Cold acclimation and freezing injury from a
perspective of the plasma membrane. In Environmental Injury to
Plants. Ed. F. Katterman. Academic Press, New Y ork, pp 1-16.

TREE PHY SIOLOGY VOLUME 20, 2000



EFFECTS OF ACID MIST AND SOIL CA AND AL ON RED SPRUCE 85

Swan, H.S.D. 1971. Relationship between nutrient supply, growth,
and nutrient concentrations in the foliage of white and red spruce.
Pulp Paper Res. Inst. of Can., Pointe Claire, PQ. Woodlands Report
WR/34, 27 p.

Taylor, G.E., J., R.J. Norby, S.B. McLaughlin, A.H. Johnson and
R.S. Turner. 1986. Carbon dioxide assimilation and growth of red
spruce (Picea rubens Sarg.) seedlingsin responseto ozone, precip-
itation chemistry, and soil type. Oecologia 70:163-171.

Thornton, F.C., M. Schaedleand D.J. Raynal. 1987. Effects of alumi-
num on red spruce seedlingsin solution culture. Environ. Exp. Bot.
27:489-498.

Thornton, F.C., P.A. Pier and C. McDuffie. 1990. Response of
growth, photosynthesis, and mineral nutrition of red spruce seed-
lings to O3 and acidic cloud deposition. Environ. Exp. Bot.
30:313-323.

Thornton, F.C., J.D. Jodlin, P.A. Pier, H. Neufeld, J.R. Seiler and J.D.
Hutcherson. 1994. Cloudwater and ozone effects upon high eleva-
tion red spruce: asummary of study results from Whitetop Moun-
tain, Virginia. J. Environ. Qual. 23:1158-1167.

Tobi, D.R., P.M. Wargo and D.R. Bergdahl. 1995. Growth response
of red spruce after known periods of winter injury. Can. J. For. Res.
25:669-681.

van Bilsen, D.G.J.L. and F.A. Hoekstra. 1993. Decreased membrane
integrity in aging Typha latifolia L. pollen. Plant Physiol.
101:675-682.

Vann, D.R., G.R. Strimbeck and A.H. Johnson. 1992. Effects of am-
bient levels of airborne chemicals on freezing resistance of red
spruce foliage. For. Ecol. Manag. 51:69—79.

Vasquez-Tello, A., Y. Zuily-Fodil, A.T. Pham Thi and J.B. VieraDa
Silva. 1990. Electrolyte and Pi leakages and soluble sugar content
as physiological tests for screening resistance to water stress in
Phaseolus and Vigna species. J. Exp. Bot. 41:827-832.

Waite, C.E., D.H. DeHayes, J. Rebbeck, G.A. Schier and A.H. John-
son. 1994. Theinfluence of elevated ozone on freezing tolerance of
red spruce seedlings. New Phytol. 126:327—-335.

Wilkinson, R.C. 1990. Effects of winter injury on basal area and
height growth of 30-year-old red spruce from 12 provenances
growing in northern New Hampshire. Can. J. For. Res. 20:1616—
1622.

Zwiazek, J.J. and T.J. Blake. 1991. Early detection of membranein-
jury in black spruce (Picea mariana). Can. J. For. Res.
21:401-404.

TREE PHY SIOLOGY ON-LINE at http://www.heronpublishing.com






