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STAND STRUCTURE, GROWTH, AND MORTALITY IN SOUTHERN APPALACHIAN
SPRUCE-FIR
by
Niki Stephanie Nicholas
Dr. Shepard M. Zedaker, Chairperson
Department of Forestry
(ABSTRACT)

Current stand structure and composition, biomass levels and distributions, stand level foliage
surface area (LAI) estimations, and mortality and growth patterns were determined using consistent
sampling methodology for a network of 142 (20 m x 20 m) permanent plots at three southern
Appalachian spruce-fir sites (Mt. Rogers National Recreation Area (NRA) of Virginia, the Black
Mountains of North Carolina, and the Great Smoky Mountains of Tennessee and North Carolina).
Baseline conditions were documented to accommodate future efforts to determine actual phenom-
ena of forest decline in a highly disturbed ecosystem. Information on structure, composition, and
growth and mortality trends were combined to develop a model to predict forest change for the next

two decades.

Past studies indicated that undisturbed spruce-fir species distribution tended to follow an ele-
vation gradient: red spruce (Picea rubens Sargent) dominance changing to Fraser fir (Abies fraseri
(Pursh) Poiret) dominance as elevation increased. Current stand composition at the Black Moun-
tains and the Great Smokies also showed a shift from spruce to fir; however, Mt. Rogers NRA was
an exception to that trend. As fir abundance increased with elevation there were increasing levels
of balsam woolly adelgid-caused (4delgid piceae Ratz.) mortality at the Black and Smoky Moun-
tains where there was a greater proportion of standing dead fir than live fir. Unlike these two sites,

Fraser fir on Mount Rogers still had escaped major damage from the adelgid.



Projected leaf area index (LAI)(m?/m?) was developed for spruce, fir and yellow birch (Betula
lutea Michaux f.), based on predicted foliage weight from overstory biomass equations, as a quan-
tifiable measure of forest productivity. Primarily old-growth spruce-fir stands at the Great Smoky
Mountains had an average LAI (11.9) significantly greater than stands at Mt. Rogers NRA (9.1)
or the Black Mountains (8.3) which both have a patchwork of disturbance histories. Some con-
version to increased hardwoods may have occurred in second growth stands at lower elevations with
a resulting lower leaf area capability. At higher elevations (1830-1980 m), LAI was predicted to

decrease if the remaining adelgid-infested fir die for both virgin and logged sites.

Past studies have inferred information on mortality patterns from assessment of standing dead
stems density. Overstory annual mortality was directly measured each year from 1985 and 1989 and
found to vary among the four dominant overstory species; mountain-ash (Sorbus americana
Marshall) had the highest rate (6.4 %), followed by fir (5.8 %), birch (2.7 %), and spruce had the
lowest (2.1 %). Results suggested that enumerations of standing dead trees should not be used to
assess mortality patterns since a substantial proportion (20-30 %) of all trees that died, fell to the
ground in the same year, and were never part of the pool of standing dead stems. Comparisons
of fir diameter distribution indicated that at sites where the balsam woolly adelgid was causing sig-
nificant fir mortality, stand structure was shifting because of the elimination of larger (> 35 cm
DBH) live fir stems. Prediction of individual tree mortality using logistic regression was unsuc-
cessful for birch and mountain-ash, while equations to predict spruce and fir mortality depended

on crown condition (amount of intact needles), as a predictor variable.

Since an accelerated rate of change in stand structure has been predicted to occur with increased
mortality and reduced growth rates, a short-term (twenty year) projection model of forest compo-
sition and structure was developed. Individual tree basal area increment equations for red spruce,
Fraser fir, and yellow birch, along with ingrowth and mortality information were combined to
provide predictions starting from the year 1989 and ending in 2009. Where the adelgid has been

dominating fir mortality patterns for several decades, such as in the Black Mountains, little overall



change is expected. For most elevations basal area is projected to be stable while stem densities
decrease. In the Smokies, where little fir is found at or below 1675 m elevation, stand structure is
predicted to change little during the 20 year period. However, the highest elevations of the Smokies
are predicted to eventually be similar to the current stand structure of high elevations of the Black
Mountains. The adelgid infestation of the peaks of the central Smokies lagged by twenty-some
years behind the Black Mountains and the model predicts a deterioration of fir as well as spruce in

that area.
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Introduction and Justification

Several studies in the past seven years have refeﬁed to a southern Appalachian red spruce (Picea
rubens Sarg.) decline citing evidence of high mortality rates, decreased radial growth rates, and de-
terioration of crown condition (McLaughlin 1985, Adams et al. 1985, Federer and Hornbeck 1987,
McLaughlin et al. 1987, Bruck and Robarge 1988, Bruck et al. 1989). Careful examination of the
data indicates that any claims of spruce forest decline may be premature if based only on the evi-

dence provided in those studies.

Spruce decline in the southern Appalachians has been reported but has not been well docu-
mented in refereed literature. With the exception of a paper on ice damage in the Black Mountains
(Nicholas and Zedaker 1989) there has been no published work on mortality rates but instead ref-
erence to standing dead stems (Johnson and Siccama 1983, Dull et al. 1988, Bruck and Robarge
1988, Bruck et al. 1989). Dendrological evidence of a southern decline (Adams et al. 1985,
McLaughlin et al. 1987, Van Deusen 1988) is still based on an analysis of increment cores from a
small number of trees. In fact, analysis of larger data sets suggests far more moderate claims of

growth decline than previous studies (Cook et al. 1992, LeBlanc et al. 1992). Unlike mortality and
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radial growth data, observation of crown deterioration in southern red spruce has been widely re-
ported (Bruck and Robarge 1988, Zedaker et al. 1988, Bruck et al. 1989, Zedaker et al. 1989, Peart
et al. 1992). However, sampling of crown condition is qualitative in nature and there is little evi-
dence for the repeatability of the measurement or if appropriate statistical analyses for detecting real
change even exist. Furthermore, there has been little investigation to determine what these subjec-

tive measurements indicate biologically.

The concept of decline is still poorly understood. Manion (1981) defines decline as a category
of disease that is caused by the interaction of a number of interchangeable, specifically ordered
abiotic and biotic factors to produce a gradual general deterioration, often ending in the death of
trees. He suggests that there are sets of factors involved including predisposing (static factors that
put a permanent stress on the plant), incitants (biotic or abiotic factors that produce a drastic in-
jury), and contributing (persistent factors that directly impact the weakened host). Use of the term
decline may indicate an incomplete knowledge of the system of interest. Manion suggests that with

additional investigation, some declines may be linked to single causal agents.

Red spruce condition can, therefore, only be assessed within the context of its status in the
forest. Red spruce and Fraser fir (Abies fraseri (Pursh) Poir.) forests have been characterized as
highly shade tolerant and old-growth spruce-fir stands are usually uneven-aged. However, many
stands were cut-over in the early twentieth century resulting in a patchwork of even-aged stands in
some areas. Recent infestation (detected in the late 1950’s) of the ecosystem by an exotic insect,
the balsam woolly adelgid (Adelges piceae Ratz.), is rapidly eliminating mature fir. Consideration
of just these two factors alone indicates that assessment of standing dead stems and crown intactness

may be a simplistic methodology for detecting forest decline versus forest change.

The purpose of this study was to provide a more detailed assessment and mechanisms for future

predictions of forest change by using forest composition, structure, mortality, and ingrowth to
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quantify both stand structure and recent growth patterns in three spruce-fir sites (Mt. Rogers Na-
tional Recreation Area, the Black Mountains, and the Great Smoky Mountains). An evaluation
of stand conditions at the initiation of this study (1985-1986) was compared to earlier published
descriptions to consider if the existing status is “normal” (Chapter 1). Baseline levels of biomass
levels and distribution and estimates of overstory foliage surface area were established so that future
assessment of forest productivity will be readily quantifiable and can be compared to current con-
ditions (Chapter 2). Stem survivorship patterns were scrutinized to determine if mortality pred-
ictions were possible from stem and stand characteristics and if past mortality patterns can be
gleaned from enumerations of standing dead trees to provide a more complete picture of spruce-fir
demographics (Chapter 3). Finally, growth and mortality data collected over a four year period
(1985-1989) were then combined to develop a short-term (20 years) stand structure projection of

southern Appalachian spruce-fir forests based on current rates of change (Chapter 4).
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Chapter 1
A Comparison of Overstory Community Structure in

Three Southern Appalachian Spruce-Fir Forests

ABSTRACT

The southern Appalachian spruce-fir ecosystem is described in terms of stand structure and
comparisons of current status to descriptions of earlier studies at three sites: Mount Rogers Na-
tional Recreation Area (NRA) of Virginia, the Black Mountains of North Carolina, and the Great
Smoky Mountains of Tennessee and North Carolina. Community classification using two-way
indicator species analysis delineated four forest types: SPRUCE, SPRUCE-BIRCH,
SPRUCE-FIR, and FIR. Both the Mt. Rogers NRA and Black Mountains sites were patchworks
of disturbance histories while the Smokies site was largely uncut. At second-growth plots the age
of average dominant and codominant red spruce (Picea rubens Sarg.) ranged from 59-100 years
while at the Great Smoky Mountains spruce mean age varied from 168-210. Distribution of basal

area at the Smokies was skewed towards diameter distributions of greater than 45 cm DBH while
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basal area at Mt. Rogers NRA and the Black Mountains was concentrated in trees with diameters
of less than 45 cm. Past studies indicated that undisturbed spruce-fir species distribution tended to
follow an elevation gradient: spruce dominance changing to Fraser fir (4bies fraseri (Pursh) Poiret)
dominance as elevation increased. Current stand composition at the Black Mountains and the Great
Smoky Mountains also show a shift from spruce to fir; however, Mt. Rogers is an exception to that
trend. As fir abundance increases with elevation there are increasing levels of balsam woolly
adelgid-caused (Addelges piceae Ratz.) mortality at the Black and Smoky Mountains where there is
a greater proportion of standing dead fir than live fir. Unlike the other two sites, Fraser fir on
Mount Rogers still have escaped major damage from the adelgid. But age structure of fir stands

on top of Mount Rogers may result in high mortality rates in the near future.

INTRODUCTION

Three out of the seven southern Appalachian mountain areas with a well developed spruce-fir
forest were selected as intensive study sites to evaluate current forest vigor and monitor long-term
stand dynamics as part of NAPAP’s (National Acid Precipitation Assessment Program) Forest
Response Program. Interest in southern Appalachian spruce-fir forest health heightened after recent
studies reported wide-scale forest deterioration in Europe (Schutt and Cowling 1985) and the de-
cline of red spruce (Picea rubens Sarg.) in the northeastern United States in terms of higher mor-
tality rates, progressive foliage loss, and a decrease in incremental growth rates (Siccama et al. 1982,
Johnson 1983, Foster and Reiners 1983, Scott et al. 1984, Vogelmann et al. 1985). Potential causes
of decline that have been suggested include gradual climatic change, insect pests, pathogens and

diseases, stand dynamics, and/or atmospheric deposition.

In the past seven years, dendroecological evidence has also been presented indicating a decline

in the annual growth of spruce in the southern Appalachians (Adams et al. 1985, McLaughlin et
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al. 1987). Bruck et al. (1989) also suggest that southern red spruce has recently experienced exces-
sive needle loss. None of these studies evaluated characteristics of decline relative to the expected
stand and tree behavior as a result of stand dynamics and the history of their development (Hyink
and Zedaker 1987). Discerning the cause(s) of southern spruce-fir forest change is difficuit due to
several important factors including widely varying land use histories, catastrophic natural disturb-
ances, and introduction of the balsam woolly adelgid (4delges piceae Ratz.), a non-native pest of
mature Fraser fir (Abies fraseri (Pursh) Poir.). Because of the devastating impact of the adelgid,
infested fir stands even without a history of logging can no longer be described as undisturbed.
Before thoughtful assessment of a change in forest condition can be made, it is essential that
baseline conditions be described and an evaluation of current conditions relative to expected stand
behavior be made. The specific objectives for this paper are to 1) quantify overstory characteristics
and diameter distribution/age structure of southern Appalachian spruce-fir forests, and 2) make

comparisons of current forest structure to descriptions published in earlier studies.

BACKGROUND

The three intensive research sites included in this study were: Mt. Rogers National Recreation
Area (NRA) in Virginia (36° 40" N, 81° 32 * W), the Black Mountains of North Carolina (35° 35
N, 82° 15’ W), and the Great Smoky Mountains of Tennessee and North Carolina (35° 33’ N, 83°
32" W)(Figure 1.1). The Mt. Rogers NRA study area encompasses all the spruce-fir forests in the
Virginia Balsam Mountains including Mount Rogers and Pine Mountain, and a stand of red spruce
on Whitetop Mountain. Mount Rogers/Pine Mountain contain the northernmost natural distrib-
ution of Fraser fir, a southern Appalachian endemic. The Black Mountains study area is confined
primarily to the north-south ridge between Celo Knob and Black Mountain Gap. The research
area in the Great Smoky Mountains is roughly 20 percent of the Smokies spruce-fir system con-

centrated between Newfound Gap and Clingman’s Dome.
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Figure 1.1. Location of the three study areas: Mt. Rogers National Recreation Area, the Black
Mountains, and the Great Smoky Mountains.
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Commercial logging and associated fires of the early 1900’s have reduced the southern
Appalachian spruce-fir to a fraction of its former range (Korstain 1937). Presently, the spruce-fir
forest (defined as all areas containing dominant and codominant spruce and fir visible from aerial
photography) in the southeast occupies 26,577 ha; seventy-four percent of the forest type was found
to occur in the Great Smoky Mountains, with 11 percent in the Black Mountains and two percent
at Mt. Rogers NRA (Dull et al. 1988). Logging of spruce began in the Mt. Rogers area in 1905
and was essentially finished by 1914-1917 (World War I). In the Black Mountains, spruce logging
took place from approximately 1912 to 1927. At the Smokies, most logging took place during
World War I, but unlike the other two sites, only a very small percentage of spruce-fir was ever cut

(Pyle and Schafale 1988).

After logging was completed at the Black Mountains, a U.S. Forest Service reforestation ex-
periment was initiated using spruce, fir, and eighteen exotic conifer species (Minckler 1940).
Remnants of the red spruce, Fraser fir and Norway spruce (Picea abies [L.] Karst) plots still remain.
Parts of the Cabin Ridge/Cabin Creek at Mt. Rogers NRA were also planted with Fraser fir for the
purpose of Christmas tree farming. Tree cutting at Mt. Rogers NRA was halted in 1972 (Pyle and
Schafale 1988), but since then the Forest Service has granted permission for individuals to remove

Fraser fir seed, seedlings and saplings for commercial Christmas tree farming.

A more recent major disturbance factor is the balsam woolly adelgid (BWA). First detected in
the southern Appalachians on Mt. Mitchell (the highest peak in eastern North America at 2037
m) in the Black Mountains in 1957 (Speers 1958), this European native insect pest of Abies is sus-
pected to have arrived in the southern mountains in the 1930s via reforestation experiments. Ma-
ture Fraser fir is highly susceptible to adelgid attack with death occurring in two to nine years
(Amman and Speers 1965, Amman 1970). Total BWA infestation of the Black Mountains oc-
curred a few years after initial detection (Nagel 1959). The Mt. Mitchell infestation then spread to

the Fraser fir communities throughout the southern Appalachians. First detection of infestation in
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the Smokies occurred at Mt. Sterling in 1963 (Ciesla et al. 1963) and infestation of the Mt. Rogers

area was projected (using stem analysis) to have occurred by 1962 (Eagar 1984).

It has been suggested that atmospheric deposition may predispose Fraser fir to BWA-caused
mortality (Hain and Arthur 1985). However, substantial adelgid-caused fir morality in the pristine
Pacific Northwest (Mitchell 1966) and elsewhere offers strong evidence that BWA is a primary pest
of fir. In addition, the only indication of possible resistance to adelgid impact has been found on
Mt. Rogers where cloud chemistry studies indicate that air quality is comparable or inferior to other
mountains sites with fir that does succumb to the BWA (Mohnen, 1992). Furthermore, Tyszko
(1991) carried out an ozone fumigation study using fir seedling sources from different southern sites
and found that carbon dioxide response curves in the particular seed sources responded differently
to ozone exposure: Mt. Mitchell seedlings tended to increase carboxylation efficiency, compen-
sation point, and stomatal limitations, while Mt. Rogers seedlings reduced carboxylation efficiency
and stomatal limitations with increasing ozone dose. These initial findings would seem contradic-
tory to the idea of an ozone-adelgid susceptibility interaction since Mt. Rogers fir seedlings seem
to have a lower respiration sensitivity to ozone fumigations but trees at Mt. Rogers are the most
resistant to the adelgid. It is more likely that fir genetics and site conditions are related to resistance
to adelgid impact. Eagar (1984) observed that bark on infested fir at Mt. Rogers was more hardened
and had a thicker rhytidome then uninfested trees elsewhere on Mt. Rogers or on infested fir at the
Great Smoky Mountains. He suggested that Mt. Rogers fir might have a genetically based ability
to rapidly form wound periderm around adelgid feeding sites which prevents diffusion of insect se-
cretions into the tree’s xylem. In a more recent study, Hollingsworth (1990) found that adelgid
infestation of fir trees at Mt. Rogers induced outer bark formation, leading to tree recovery, a phe-

nomenon not observed at other sites.

The initial wave of BWA-caused mortality of Fraser fir is nearly complete (Eagar 1984). In the
Black Mountains, almost all mature Fraser fir have died except for a 120 ha area sprayed with

pesticide until 1974. The formerly protected area (which accounts for most of the live fir in the
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Black Mountains study area) has been heavily infested and shows signs of increased mortality. Fir
growing in a 10 ha area on Clingman’s Dome in the Smokies is still sprayed annually; however, the
stand is starting to show significant impact by the adelgid. At Mt. Sterling, in the Smokies,
understory fir are now approaching a life stage that can support adelgid populations. Eagar (1984)
suggested that a cyclic situation will develop: initial infestation followed by limited recovery and

then regeneration reinfestation, with a complete cycle on the order of 35-60 years.

METHODS

In 1985 and 1986, a stratified, randomly located, permanent plot system was established in the
Black Mountains (40 plots), Mt. Rogers NRA (23 plots), and the Great Smoky Mountains (66
plots). Stratification factors included elevation (four classes: 1525, 1675, 1830, 1980 m, + 30 m),
exposure to prevailing winds (exposed versus protected), and topographic type (ridge/slope/draw)
with three replicates per strata combination wherever possible. An a priori definition of the
southern spruce-fir type required that plots (20 x 20 m?) had to have at least 25 % spruce and/or
fir present (live) or former (dead standing stems) canopy coverage. Overstory strata (defined as
woody stems with diameter at breast height [DBH] > 5.0 cm) measurements by species included
DBH (measured to the nearest mm), inspection for crown condition (live versus dead), and dis-
turbance symptomology (signs of disease or damage to stems) for every tree on each plot. All
qualitative observations were made by at least two technicians for each tree, with occasionally a
third technician called in as a tie-breaker. Ten, random, intact dominant or codominant spruce or
fir stems were cored for age at 15 cm below DBH. Logging history of each plot was determined
using maps from Pyle and Schafale (1988) as well as on-site inspection. Site data recorded at each

plot included elevation, slope percent, aspect, macro- and micro-topographic features.
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Overstory community classification using two-way indicator species analysis (TWINSPAN)
(Hill 1979a) of basal area by species was used to delineate forest types. TWINSPAN, a polythetic
divisive technique, makes repeated dichotomies by ordinating the data using reciprocal averaging
until the sample-units are placed in a hierarchy (i.e. dendrogram) ranging from the total collection
to individual sample-units. A dendrogram is produced with integer levels to express relative cluster
similarity (Gauch and Whittaker 1981). From this dendrogram forest composition groupings were
selected using species with maximum indicator value to define the selected clusters. Indirect
ordination analysis was carried out using detrended correspondence analysis (DECORANA) (Hill
1979b). DECORANA summarizes the species composition of samples in various segments of the
gradient and develops an arrangement such that equal differences in species composition corre-
sponds to equal differences along the gradient (Hill and Gauch 1980). Site variables including ele-
vation, slope percent, and transformed aspect (Beers et al. 1966), were investigated using regression

analysis of the indirect ordinates to determine if site variables explained the distribution.

RESULTS AND DISCUSSION

Forest Types

Historically the high elevation coniferous forests of the southern Appalachians have been re-
ferred to as the spruce-fir forest type (Oosting and Billings 1951, Ramseur 1960). Others have de-
scribed subtypes of the forest but most of those descriptions are based on very restricted in extent
and intensity of sampling or limited to just one study area. Davis (1930) referred to the Spruce-Fir
Forest Formation of the Black Mountains and divided it into a spruce-fir climax association; a
secondary succession community of fire cherry (Prunus pensylvanica L£.), yellow birch (Betula lutea

Michaux f.), and Rubus; and a transition forest of spruce, birch, and red oak (Quercus rubra
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L.).Cain (1935) described two forest types: the Red Spruce Type and Southern Balsam Fir Type
(actually he referred to them as Piceetum rubentis and Abietum fraseri following the Braun-Blanquet
(1932) method of naming plant communities). Similar to Cain, Whittaker (1956) described the
southern Appalachian subalpine forest center in the Smokies as including red spruce and Fraser fir
forest types, and a heath bald type. Crandall (1958) determined four forest types in the Smokies:
fir, spruce-fir, spruce, and spruce-hardwoods. She also divided those four types into ten site types
based on understory community composition patterns. The Society of American Foresters (Eyre
1980) recognizes three forest types: red spruce, red spruce-Fraser fir, and red spruce-yellow birch.
For the Virginia Balsam Mountains (Mt. Rogers and Whitetop), Rheinhardt and Ware (1984) de-
scribed three forest types where the overstory included at least 25 percent spruce or fir: spruce-fir,

spruce, and yellow birch.

In this study a total of nineteen woody species were recorded in the overstory. The
TWINSPAN analysis for the three study sites produced a dendrogram of four forest types:
SPRUCE, SPRUCE-BIRCH, SPRUCE-FIR, and FIR. This grouping was most similar to
Crandall’s (1958) four forest types. The SPRUCE type had an average basal area of 63.7 m?/ha
with red spruce accounting for 83 % of the basal area (Table 1.1). The type was found at the
Blacks and the Smokies with the vast majority of plots found at 1525 m elevation. All SPRUCE

plots were unlogged except for one pure red spruce plantation.

The SPRUCE-BIRCH type had an average basal area of 48.0 m?/ha with red spruce and yellow
birch combined account for 93 % of the basal area (Table 1.1). The type was predominantly found
at the Smokies, but was also represented at the Blacks, and on Whitetop of the Mt. Rogers NRA.
Within the SPRUCE-BIRCH type were two subtypes with indicator species of FIRE CHERRY
and BASSWOOD (Tilia heterophylla Vent.)]BUCKEYE (Aesculus octandra Marsh.). All of the
BASSWOOD/BUCKEYE subtype was on unlogged stands while most of the FIRE CHERRY

subtype was found on previously logged or burned areas.
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