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which forms much of the ridgeline in eastern GRSM. Atmospheric deposition from
anthropogenic sources has also been cited for the high levels of nitrate and sulfur in GRSM
streams (Cook et al. 1994). The initial effects of nitrogen deposition may be to enhance
growth (Aber et al. 2003), and it may enhance the shade tolerance of some species (Catovsky
and Bazzaz 2002). Continued deposition has been reported to benefit European beech
(Fagus sylvatica) (Dittmar et al. 2003), but long-term exposure to nitrogen deposition is
expected to negatively affect forest health. Acid deposition in the form of nitrogen and sulfur
can damage trees directly through the affects of acids on plant tissues, or it can cause the loss
of important soil cations such as calcium (Ca), magnesium (Mg), and potassium (K and
mobilize soil aluminum (Al), which is toxic to plant roots (Brady 1990). Additionally, a
low Ca:Al ratio has been implicated as a limiting factor in the growth of northern red oak
(Decker and Boerner 1997, Fisher and Binkley 2000). High levels of soil aluminum have
been reported in some GRSM forests (Johnson et al. 1991).

Additions of both atmospheric S and N may affect forest growth by increasing the
concentration of anions, including Al, which increases faster than other cations. Sulfate
leaching can further compound the problem of Al availability by removing base cations,
lowering their supply in forest soils. Nitrates can cause nutritional imbalances in forest trees
by altering foliar N:Mg ratios (Fisher and Binkley 2000). Though there is some
disagreement among researchers, it has never been conclusively shown that atmospheric N
additions lead to forest decline, and in Europe atmospheric additions of N have been
correlated with enhanced tree growth of 20-40%.

In the high-elevation forests of GRSM soil chemicals are strongly associated with changes

in forest structure (Chapters 3 and 4), but not with BBD severity (Chapter 5). In the high-
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elevation beech dominated forests found throughout GRSM, soils typically have low pH, but
biomass accumulation is associated with low soil cation and high Al concentrations (Chapter
3). Given the toxicity of soil Al at low soil pH, this pattern is contrary to what would be
expected, but might be explained by either the ability of beech to thrive in low pH soils, or
the nature of soils under beech dominated forest canopies. High-elevation beech forests have
long been known to have some of the most acid soils of any deciduous forest (Cain 1931),
which gives evidence that high-elevation beech are well-adapted to such conditions.
Furthermore, beech litter, which would be the dominant litter in high-elevation beech forests
because they contain more than 80% beech, may harbor smaller microbial populations which
would decrease nitrogen mineralization rates (Lovett and Rueth 1999). If either or both of
these circumstances is true, beech forests could continue to thrive with continual inputs of
atmospheric acids.

In the mixed species forests of western GRSM, patterns of forest decline are associated
with low concentrations of certain soil cations and high soil Al (Chapter 4), which is
consistent with predictions that changes in soil acidity can cause forest-wide patterns of
decline. In contrast with the results of Chapter 3, beech populations in this study declined
modestly in basal area and abundance. However, the beech forest plots that were part of this
analysis were almost entirely different than the plots used in Chapter 3 and beech relative
abundance was only about half that of the high-elevation beech forest study. Given the
likelihood that the abundance of beech leaf litter can influence the cycling of soil nutrients,

the contrasting results in Chapters 3 and 4 is a reasonable hypothesis but needs further work.
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Ongoing disturbances: ozone damage

At high elevations in the park ozone reaches levels high enough to damage leaf tissues
(Shaver et al. 1994). Studies of the affect ozone has on individual tree species indicate that
black cherry (Prunus serotina), ash (Fraxinus americana), sassafras (Sassafras albidum),
tulip poplar (Liriodendron tulipifera) and table mountain pine (Pinus serotina) are
susceptible to foliar injury from ozone (Shaver et al. 1994) but only about 2% of leaf area
was affected. Ozone concentrations can be twice as high at high-elevations as at low. In a
study of the ozone susceptibility of trees found in GRSM, Neufeld et al. (1992) listed several
susceptible species found at high-elevations, but northern red oak was not one of them;
northern red oak showed no decline in growth when subjected to various levels of ozone
(Simini et al. 1992, Samuelson et al. 1996). It does not appear that ozone, by itself, is a likely
driver of changes in forest dynamics in GRSM. It is important to note however, that in
GRSM, areas with the highest ozone concentrations also had the highest levels of
atmospheric nitrogen and sulfur deposition. Both ozone and acid deposition have been
linked to reduced cold hardiness in some trees (Barnes and Davison 1988, Barnard and

Lucier 1990).

Scale of observation

Although scale itself is not a driver of forest change, the scale at which observers measure
forest attributes can influence their conclusions about the stability of the system. It is easy to
imagine very small spatial and temporal scales of observation at which equilibrium could be
observed, but those scales are often not relevant to the study of plant communities. Possibly

because of the dearth of usable old data sets, studies of temporal forest change rarely exceed
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10 years. Whether data from studies covering periods less than a decade adequately predicts
longer-term forest dynamics is an open question (Bakker et al. 1996), but studies covering
longer periods are needed.

In an attempt to identify the scale at which quasi-equilibrium could be reached, Shugart
(1984) proposed that at a minimum, an area of at least 50 times the sized of the average
disturbance patch was necessary. Biomass is an attribute commonly used by ecologists to
measure forest stability (Bormann and Likens 1979), but as Busing and White (1993)
demonstrated, compositional attributes require greater area to reach equilibrium than
structural ones. In GRSM variances of tree density and basal area at grain sizes ranging from

0.02 to 0.1 ha did not conform to the forest succession model (Chapter 6).

Conclusions

The late-successional high-elevation forests of GRSM are not examples of climax, self-
replacing, or steady-state forest associations. Because of their frequency and ubiquity
disturbances and perturbations keep these forests in a continual state of transition, recovering
from the last event, or in some cases, evolving in response to an ongoing event. High-
elevation beech dominated forests have long been considered a climax forest type but data
from this dissertation indicates that successional changes there have been continuous for 65
years and are ongoing. Similar those documented in other eastern forests, changes in the
attributes of the high-elevation forests of GRSM may be slow enough that a disturbance
event will inevitably set back succession before any semblance of stability is reached.

One of the patterns that emerges from a holistic view of the results of this dissertation is

that the high-elevation forests of GRSM are all changing, but not in the same direction, nor to
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the same degree. Even in forests dominated by beech, some have gained basal area and
biomass in recent decades, while others appear to be in decline. Because the decline cannot
be attributed to BBD, and the main difference between them is the greater relative abundance
of beech in the overstory of biomass accreting forests, the contrasting successional
trajectories could be due to mass of beech leaf litter on the forest floor and its influence on
nutrient cycling.

This dissertation provides empirical evidence that even protected, late-successional forests
do not demonstrate stability in attributes. The concept of climax or stable forests that
represent an endpoint in succession has only heuristic value in forest ecology, it is perhaps

best to refer to them as late-successional.
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