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ABSTRACT 

The role of acid deposition in the health of spruce fir forests in the Southern Appalachian 

Mountains has been investigated by a wide variety of experimental approaches during the past 10 

years. These studies have proceeded from initial dendroecological documentation of altered growth 

patterns of mature trees to increasingly more focused ecophysiological research on the causes and 

characteristics of changes in system function associated with increased acidic deposition. Field studies 

across gradients in deposition and soil chemistry have been located on four mountains spanning 85 

km of latitude within the Southern Appalachians. The conclusion that calcium nutrition is an 

important component regulating health of red spruce in the Southern Appalachians and that acid 

deposition significantly reduces calcium availability in several ways has emerged as a consistent result 

from multiple lines or research. These have included analysis of trends in wood chemistry, soil 

solution chemistry, foliar nutrition, gas exchange physiology, root histochemistry, and controlled 

laboratory and field studies in which acid deposition and/or calcium nutrition has been manipulated 

and growth and nutritional status of saplings or mature red spruce trees measured. This earlier 

research has led us to investigate the broader implications and consequences of calcium deficiency 

for changing resistance of spruce-fir forests to natural stresses. Current research is exploring possible 

relationships between altered calcium nutrition and shifts in response of Fraser fir to insect attack 

by the balsam wooly adelgid. In addition, changes in wood ultrastructural properties in relation to 

altered wood chemistry is being examined to evaluate its possible role in canopy deterioration under 

wind and ice stresses typical of high elevation forests. 



INTRODUCTION 

A multidisciplinary research team that investigated the symptoms and causes of decline in 

health of red spruce throughout much of its range in the United States has recently summarized those 

findings (Eagar and Adams, 1992). A principal conclusion of that research was that acid deposition 

operating in concert with natural stresses was a significant contributor to the loss in vigor of,these 

forests over the past three decades (Johnson et al., 1992). This conclusion was based on the timing 

and spatial distribution of changes in tree growth rates, canopy condition, or mortality in relationship 

to spatial and temporal patterns of acid deposition; the existence of close relationships between acid 

deposition and changes in soil chemistry; and the existence of changes in tree physiology and/or 

growth that could be linked to increased exposure to acidic deposition either across natural gradients 

in acidic deposition in the field or in controlled exposures in the laboratory (McLaughlin and Kohut, 

1992). 

Throughout the history of the Forest Response Program of which the research discussed 

above was a part, the major research emphasis has been on the red spruce forests of Northern 

Appalachia. Northern forests contain over 90% of the extant distribution of this species in the 

United States. Extremely high mortality rates in northern red spruce generated much of the early 

concern about possible anthropogenic causes and solutions. By contrast, the southern red spruce 

forest is smaller in geographical distribution, but contains most of the existing old growth red spruce 

in the United States (White and Cogbill, 1992). 

Red spruce in the Southern Appalachians is confined to approximately 30,500 ha in the cooler 

and more moist high elevations, above approximately 1200 m. Over 75% of that forest type occurs 

in the Great Smoky Mountains in Tennessee and North Carolinas (Dull et  al., 1988). These forests 

have historically been less disturbed by logging, and to date red spruce mortality has been low 

compared to rates at high elevations in the Northern Appalachians (Peart et  al., 1992). By contrast 



mortality of a companion species, Fraser fir has been extremely high, and over 90% of the Fraser fir 

> 5" in diameter was found to be dead in the Smoky Mountains in a 1988 survey (Dull et  al., 1988). 

Mortality is commonly ascribed to the Balsam woolly adelgid (adekes picea), an introduced insect 

pathogen which has been active in the Southern Appalachians since around 1956. 

The Southern Appalachian red spruce forest, because it has been less disturbed in the past 

and now is undergoing perhaps the first stages of a more serious decline offers very interesting 

opportunities to gain additional understanding of the mechanisms underlying forest responses to 

combinations of natural and anthropogenic stresses. There has now been an active research program 

in the South for 10 years, which has provided many valuable insights into both the patterns of 

responses of large trees as well as the processes by which those patterns have been altered 

(Mchughlin and Kohut, 1992). We will review that research briefly here as a basis of (1) contrasting 

responses of the northern and southern components of the spruce/fir forest, and (2) providing a 

framework for testing new hypotheses about the role of changing calcium nutrition on forest 

responses to natural stresses. 

A SUMMARY OF RECENT RESEARCH FINDINGS 

The linkages between observed spatial and temporal patterns of forest system response and 

biological and chemical processes have played an important role in analyses of the health of southern 

Appalachian forests. Several of these patterns are highlighted in Figure 1 which describes changes 

in tree growth in relationship to regional atmospheric emissions and wood chemistry of high elevation 

red spruce. 

Mature tree growth patterns - A slowdown in radial growth of red spruce trees has been a 

significant early indicator of alterations in forest health in both the Northern and Southern 

Appalachians. Cook and Zedaker (1992) provided a comprehensive review of dendorecological 

studies and the issues involved in evaluating the relative roles of climate, competition, and 
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atmospheric pollution in observed growth declines. These conclusions as well as those of McLaughlin 

et  al. (1987) reached in an earlier study indicate that the decline began in the late 1950s to early 

1960s in the North and was delayed 5-10 years in the South. 

Neither unusual climate nor stand competition appear to have played a major role in initiating 

the stress though interacting roles, particularly for climate cannot be excluded (McLaughlin et  al., 

1987). An important differentiating feature of the Southern growth decline relative to patterns 

observed in the North is its confinement to higher elevations and the absence of alarmingly high 

levels of spruce mortality, which have typically occurred in Northern spruce-fir forests. Deterioration 

of canopies of red spruce was observed to have increased markedly over a 1984-88 study interval in 

the Southern Appalachians (Nicholas and Zedaker, 1989). An apparent increased sensitivity of 

northern forest to damage by low winter temperatures has been an important early visual symptom 

of the decreasing health of northern spruce forests (Johnson et al., 1988). Increased sensitivity to 

low temperatures has now been tied to exposure of branches to acidity in ambient mist exposures 

(Vann e t  al., 1992). A much less severe, but cumulative, winter discoloration of needles has been 

found in Southern red spruce (Andersen et al, 1991). 

Soil solution chemistry - The soils of the southern spruce fir forest are naturally acidic, poorly 

buffered, high in aluminum, and currently nitrogen saturated (Johnson et  al., 1991; Joslin et  al., 1992). 

Under these conditions the addition of strong anions SO, and NO, in acidic deposition provide the 

stimulus to mobilize aluminum in soil solutions (Reuss and Johnson, 1986). Soil solution monitoring 

in the Great Smoky Mountain National Park (GSMNP) has documented the close relationship 

between strong anion inputs and peaks in soil solution aluminum (Johnson et  al., 1991). Aluminum 

levels in soil solution periodically reach levels known to be directly toxic to roots (Joslin et  al., 1992). 

However, the greater significance of the high aluminum levels in these soils is their interference with 

uptake of calcium. Ca:Al levels in soil solutions at high elevations are frequently in the range at 



which uptake of calcium and alteration of root function occurs (Johnson et al., 1991; Joslin et al., 

1992). 

Atmospheric deposition - Atmospheric deposition of SO, and NO, at a high elevation Smoky 

Mountain site was found to be the highest of 13 interregional sites examined in the recently 

completed Integrated Forest Study (Johnson and Lindberg, 1992). Deposition of S (36 kg/ha&) and 

N (31 kg/ha&) within the region is highest at high elevation sites and is heavily influenced by the 

frequent exposure of these forests to acidic clouds (Lindberg and Lovett, 1992). At nearby Mt. 

Mitchell exposure of spruce canopies to acidic fogs was found to occur on approximately 70% of the 

days and 35% of the time (Saxena and Lin, 1990). Over 50% of the exposures were at pH < =3.5, 

and in two successive years cloud events with pH values < 3.0 occurred 5 and 30% of the time. The 

minimum recorded pH was 2.7 (Saxena and Lin, 1990). 

Temuoral changes in emissions and tree chemistry - In the absence of long term records of 

atmospheric deposition, two indicators have been used to evaluate temporal changes in exposure of 

southern Appalachian forests to acidic deposition: historical changes in emissions and shifts in tree 

ring chemistry. Historical changes in emission density of the S and N precursors of acidic deposition 

upwind of the Smoky Mountains are shown in Figure 1. The source area includes emission density 

in the predominant upwind quadrants (SE and SW) within a 900 km radius, an index that described 

regional wet deposition of SO, and NO, well in earlier analyses (McLaughlin et  al., 1984). The 

emissions density pattern of S and N shows the strong upswing in regional emission patterns in the 

late fifties and early 1960s. 

Tree ring chemistry patterns provide a means of describing changes in the chemical 

environment experienced by the tree as a function of shifts in soil solution chemistry (Bondietti and 

McLaughlin, 1992). Analysis of shifting patterns of AI:& in red spruce wood from high sites in the 

GSMNP (Fig. 1) have shown that increases in availability of aluminum relative to calcium occurred 



in the late 1950s in parallel with changes in regional emission density of the strong anions known to 

mobilize aluminum (Bondietti et al., 1989, 1990). 

Alterations in phvsiolow of sapIings and trees - McLaughlin and Kohut (1992) have reviewed 

a series of published field and laboratory studies that have demonstrated that sapling trees growing 

at high elevation sites in the GSMNP have increased levels of foliar aluminum, decreased levels of 

foliar calcium, and shifts in carbon metabolism associated with increasing exposure to acid deposition, 

and reduced soil Ca:Al levels. The altered carbon metabolism was mostly a function of increased 

dark respiration rates and was significantly increased by decreasing foliar Ca and high soil Al 

(McLaughlin et  al., 1991). Foliar Ca has also been shown to be decreased through leaching by the 

acidity in ambient cloud exposures (Joslin et al., 1988; Thornton et al., in press) 

The decreased ratio of photosynthesis to dark respiration (P:R ratio) observed in foliage 

would be expected to lead to reduced carbohydrate availability and reduced growth rates of trees 

growing at high elevation sites. Confirmation of the role of acidic deposition in reducing P:R ratios, 

reducing growth, and altering root distribution of red spruce seedlings was provided in controlled 

greenhouse studies using ambient range misthain chemistry and exposure frequency and native soil 

from the red spruce zone of the GSMNP (McLaughlin et al., 1993). Reduced growth of fine roots 

in deeper soil horizons was also noted in the across an increasing gradient in exposure to acidic fogs 

at Whitetop Mtn. in Virginia (Joslin et al., 1992). 

Additional confirmation of the role of calcium in reducing growth and altering P:R ratios of 

sapling trees in the field has been provided by calcium fertilization studies (Van Miegroet et al., 1993; 

Wullschleger et  al., in preparation). Large trees have now also been shown to respond to calcium 

fertilization with increased foliar Ca and increased growth of shoots in the canopy (Joslin and Wolfe, 

1994). 

CONCLUSIONS FROM STUDIES WITH RED SPRUCE 



The series of studies briefly described above provides a strong argument for the significance 

of acidic deposition in altering nutrient availability, physiological function, and growth of red spruce 

in the Southern Appalachian Mountains. In this capacity, acid deposition appears to act as a 

significant modifier of natural stresses including naturally high acidity, high aluminum levels in soil, 

and high hydrologic fluxes. A primary mechanism by which the system is altered appears to be a 

disruption of the availability and uptake of calcium by atmospheric input of strong anions 

(McLaughlin and Kohut, 1992). 

Calcium is an extremely important plant nutrient because it is required for formation and 

function of membranes and cell walls, serves as a enzyme cofactor, and regulates many physiological 

functions at the cell and plant level (Bangerth, 1979). The fact that calcium is not stored in the plant 

but must be supplied form the soil uptake when it is needed places calcium in a position to be 

limiting to growth under conditions where plant supply may be altered by chemical interference in 

soil or by foliar leaching. 

NEW RESEARCH ON THE IMPLICATIONS OF CALCIUM DEFICIENCY FOR THE SPRUCE 

FIR ECOSYSTEM 

The fact that low calcium availability is limiting growth and physiological function in red 

spruce has led us to explore additional implications of ecosystem level shifts in nutrient cycles for the 

spruce-fir ecosystem. Two primary areas of emphasis have evolved: potential changes in canopy 

integrity related to structural integrity of wood and branches, and altered susceptibility of Fraser fir 

to lethal attack by the balsam wooly adelgid. A brief description of the rationale for these lines of 

research and some preliminary findings are detailed below. 

Wood structural changes - Increasing levels of canopy thinning and deterioration have been 

the most obvious visual sign of reduced vigor in the southern appalachian red spruce forest (Peart 

e t  al., 1992). While damage from ice storms has played an obvious role in some of the canopy loss 



occurring in the Black Mountains of North Carolina (Nicholas et  al., 1989), thinning has also occurred 

in the GSMNP without an obvious increase in such episodes, which are a natural part of the high 

elevation climatology. One possible explanation for increasing canopy deterioration is enhanced 

sensitivity of branches to winter ice damage and wind because of structural weakening of wood. The 

rational for such an hypothesis is that calcium is known to play an important role in wood formation. 

Calcium is an important crosslinking molecule in the chemical bonding associated with lignin 

formation (Westermark, 1982; Eklund, 1991). It is also important in formation of non-cellulosic cell 

wall polysaccharides such as pectins (Eklund and Eliasson, 1990). Since soil aluminum has played a 

role in low foliar Ca levels, we anticipate that similar decreases may have occurred in the fine 

branches of the upper canopy. 

Investigations into possible structural changes in wood are proceeding by using a combination 

of techniques to examine Ca and lignin distribution and structural attributes in wood (Wimmer and 

McLaughlin, 1994). Energy dispersive X-ray spectroscopy, coupled with transmission electron 

microscopy, has been used to measure Ca and lignin distribution at various locations in earlywood and 

latewood of spruce tracheids. These measurements have been combined with microtechniques used 

for testing material hardness. Results indicate that such techniques can be applied to tissues removed 

from increment cores to evaluate properties such as lignin content, wood hardness and plasticity 

(Wimmer and McLaughlin, 1994). Initial exploratory analyses suggest that lignin in red spruce stem 

wood may decrease with increasing elevation and that lignin levels have decreased in more recent 

years. An inventory of red spruce and Fraser fir cores collected from elevations ranging from 1200 

to 2000 m on two mountains in GSMNP is being examined to focus measurements across an 

appropriate range of conditions to efficiently test the hypothesis that acid deposition has structurally 

weakened the forest by reducing calcium availability. 

Fraser fir ecophvsiofow and adelgid damage - The damage to mature Fraser fir in the 

Southern Appalachians by the wooly adelgid has been extensive over the past 15 years. A 1988 



survey reported that 91% of the adult Fraser fir over 12 cm DBH were dead (Dull et  al., 1988). 

While heavy infestation noted on many dying trees is unquestionable evidence that the adelgid plays 

a major role in killing these trees, it is also important to consider the role of predisposing factors in 

susceptibility of stressed forests to pathogens (Manion, 1981). 

Several bits of evidence warrant examination in evaluating factors influencing resistance or 

susceptibility of Fraser fir to adelgid induced mortality. First is the fact that some fir trees have a 

resistance to this introduced pathogen and can survive attack. Within the Southern Appalachians the 

most resistant population has been at Mt. Rogers, in southwestern Virginia where mortality has been 

very light and evidence of resistance pockets in the bark indicates that resistant mechanisms do exist 

(Eagar, 1984). As the northernmost extension of the range of Fraser fir, the apparent resistance at 

Mt. Rogers could be due to genetic differentiation within the Fraser fir population. However, there 

is now increasing evidence of attack at low elevation sites at Mt. Rogers (Dull et.al., 1988) suggesting 

that site related factors may influence sensitivity. 

Significant temporal and spatial variability in susceptibility of the closely related Balsam fir 

(Abies balsameri) has been evidenced across its eastern range since the adelgid was introduced 

around 1900 (Timmel, 1986). Mortality of this species has been significant in the Canadian maritime 

provinces, particularly in the mid 1980s. Tree vigor, bark characteristics, and the formation of 

compression wood are apparently related to resistance to the adelgid (Eagar, 1984; Timmel, 1986). 

Several seemingly converging lines of inference have led us to examine the role of acid 

deposition on calcium supply as an additional resistance factor. First, there is dendroecological 

evidence that Fraser fir in GSMNP began a growth decline around 1960 in parallel to that 

experienced by red spruce (McLaughlin et al., 1984). Second, recent physiological measurements on 

Fraser fir indicate a decline in P:R ratio with increasing elevation (and acid deposition exposure) 

parallel to that documented for red spruce (Stone et al., in preparation). Third, preliminary contrasts 

between Mt. Rogers and Clingmans Dome (GSMNP) indicate much higher foliar and soil calcium 



and lower aluminum levels at the high elevation Mt. Rogers site than found for more sensitive 

populations at Mt. Rogers low elevation or either high or low elevation GSMNP sites. There was 

also no significant P:R gradient with increasing elevation at Mt. Rogers (Stone, in preparation). 

Finally, the known role of calcium in disease resistance, including wound repair (Bangerth, 1979) and 

formation of lignin, which is a major constituent of compression wood, make calcium a likely modifier 

of resistance of Fraser fir to fatal adelgid infestation. 

Our current investigations of Fraser fir ecophysiology in the Southern Appalachians include 

contrasts in deposition, soil solution chemistry and tree growth among sites differing in levels of acid 

deposition and/or cation nutrient status; fertilizer studies to examine the role of nutrition on 

physiology and growth; and wood structural analysis to explore the relationships among wood 

chemistry and structural properties that may provide defense against adelgid attack or stress from 

wind and ice. 

SUMMARY 

Collectively our results suggest that calcium is an important modifier of the physiology, 

growth, and function of high elevation ecosystems. Inferential lines of evidence point to but have 

not yet established a much broader role for calcium in regulating the resistance of spruce and fir to 

a wide range of stresses in the naturally stressful high elevation environment. Understanding the 

nature of these interactions will likely play an important role in our capacity to understand and 

perhaps manage the future health of these systems in a changing environment. 
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Figure 1. Composite chronology of red spruce growth, tissue chemistry and atmospheric 

emissions: southern Appalachians. Data and sources are as follows reading top (1) to 

bottom (5) on left, then top to bottom (8) on the right. (1) mean ring-width 

chronology of 15 canopy dominant trees near summit (Adams et  al. 1990); (2-3) high- 

and low-elevation ring width chronologies, 15 trees each (McLaughlin e t  al. 1987); (4-5) 

ring-width chronologies from two midelevation 40-year-old Norway spruce stands 

collected within 10 km of Mt. LeConte, NC, samples (Adams et al. 1990); (6) 

aluminurnbase cation ratios (Bondietti et al. 1989); (7) wood chemistry: cation trend 

(Bondietti et al. 1990); (8) SW of eastern Tennessee (McLaughlin, unpublished data). 

Dashed vertical line on each graph indicates the year 1960 as a common reference 

point. After Johnson et  al. (1992). 


