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Abstract: We analyzed tree species composition and age structure in a rare, old-growth Quercus rubra L. (northern red

oak) forest at Bluff Mountain Preserve, North Carolina, to assess potential changes associated with Cryphonectria

parasitica (Murrill) M.E. Barr (chestnut blight), selective logging, livestock grazing, ice storms, wind events, and fire

history. We established forest inventory plots to determine the forest composition, vertical structure, and age of the high-

elevation Q. rubra dominated forest. We developed the longest Q. rubra dendroecological history (1671–2009) in North

America. Several living Q. rubra individuals were more than 250 years old. The frequency, magnitude, and spatial extent

of canopy disturbance events were shown in radial growth trends in Q. rubra samples. We also examined Q. rubra

climate – radial growth relationships to compare high-elevation Q. rubra climate response patterns with results from lower

elevation Quercus dendroclimatological studies. Stand-wide release events corresponded with the loss of Castanea dentata

(Marsh.) Borkh. (American chestnut) during the 1930s and frequent ice storms or wind events. Although we observed fire

scars on living hardwood trees, we did not find fire scars on the remnant logs. The lack of fire scars on the remnant logs

indicates that the observed fires likely occurred during the second half of the 20th century. Quercus rubra were most

climatically sensitive to cool March temperatures. Quercus rubra sampled at higher elevations were more sensitive to

temperature than lower elevation Quercus spp. trees, which may indicate higher sensitivity to March frosts. Quercus rubra

has been a dominant species at Bluff Mountain for the past 300 years; however, our data indicate that the forest will

transition to support a much stronger Acer saccharum Marsh. (sugar maple) component during the next 50 years. This

study provides a multicentury perspective to guide conservation efforts and forest management in high-elevation Quercus

spp. forests in the southern Appalachian Mountains.
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Résumé : L’auteur a analysé la composition en espèces ligneuses et la structure de l’âge dans une rare forêt surannée de

Quercus rubra L. (chêne rouge du nord) dans la réserve de Bluff Mountain, en Caroline du Nord, dans le but d’évaluer les

changements potentiels associés au Cryptomeria parasitica (Murrill) M. E. Barr (brûlure du châtaignier), à la coupe

sélective, au broutage animal, aux tempêtes de verglas et de vents et à l’histoire des feux. Ayant établi des parcelles

d’inventaire forestier il a déterminé la composition de la forêt, la structure verticale et l’âge des forêts en haute élévation

dominées pat les Quercus. Il a développé l’histoire dendrochronologique la plus étendue (1671–2009) en Amérique du

Nord. On y trouve plusieurs individus vivants de plus de 250 ans. La fréquence, la grandeur et l’étendue spatiale des

évènements de perturbation de la canopée se manifestent dans les tendances de la croissance radiale chez les échantillons

de Quercus. L’auteur a également examiné les relations climat – croissance radiale du Q. rubra afin de comparer les

patrons de réaction au climat des Q. rubra venant en altitude avec les résultats provenant d’études dendroclimatologiques

de Quercus en plus faible élévation. Des évènements à l’échelle des peuplements ont coïncidé avec la perte des Castanea

dentata (Marsh.) Borkh. (noisettier américain) au cours des années 1930 ainsi que des tempêtes de verglas et de vent. Bien

que l’auteur ait observé des marques de brûlures sur des arbres décidus vivants, il n’a pas trouvé de telles marques

sur les billes restantes. Ce manque de brûlures sur les billes restantes indique que les feux observés sont survenus

vraisemblablement au cours de la deuxième moitié du 20e siècle. Les Q. rubra se sont montrés sensibles au climat, surtout

aux fraiches températures de mars. Les Q. rubra échantillonnés aux plus hautes altitudes se sont montrés plus sensibles à

la température que les arbres du genre Quercus de faible élévation, ce qui pourrait indiquer une forte sensibilité aux gels

de mars. Le Q. rubra a constitué une espèce dominante dans la réserve de Bluff Mountain au cours des 300 dernières
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années. Cependant, les données indiquent que la forêt subira une transition pour supporter une composante beaucoup plus

importante d’Acer saccharum Marsh. (érable à sucre) au cours des 50 prochaines années. Cette étude fournit une

perspective multicentenaire pour guider les efforts de conservation et l’aménagement des forêts de Quercus spp., dans la

partie sud des montagnes Appalaches.

Mots-clés : succession, feu, tempête de verglas, dendroécologie, haute élévation, montagnes appalachiennes méridionales.

[Traduit par la Rédaction]

Introduction

Changes in disturbance regimes since European settlement
are relevant to modern forest development and management
(Nowacki and Abrams 2008). Southern Appalachian forests
have been altered by a broad range of disturbances, includ-
ing logging, ice storms, wind events, fire, and species loss
(Delcourt and Delcourt 1998; Ellsworth and McComb 2003).
Ice storms and wind events are common in southern Appala-
chian Mountain forests and may change the rate and trajectory
of forest succession (Lafon and Speer 2002; Copenheaver
et al. 2006). The introduction of exotic species during the
20th century, especially the chestnut blight (Cryphonectria
parasitica (Murrill) M.E. Barr), has led to the loss of key forest
components and the conversion of low-density American
chestnut (Castanea dentata (Marsh.) Borkh.) stands into dense
hardwood forests (Keever 1953; Woods and Shanks 1959;
Whigham 1969; Stephenson and Adams 1986; Turner et al.
2003). Northern red oak (Quercus rubra L.) has filled the niche
of a dominant canopy species once occupied by C. dentata in
high-elevation southern Appalachian forest communities (Braun
1950; Nelson 1955; Woods and Shanks 1959; Stephenson and
Adams 1986).

Dendroecological research has shown the prevalence of fire
in pine–oak (Pinus spp. – Quercus spp.) communities in the
Appalachian region during the last several centuries, prior to
the implementation of fire suppression policies during the 20th
century (Schuler and McClain 2003; McEwan et al. 2007;
Hoss et al. 2008; Aldrich et al. 2010; Brose and Waldrop
2010). Soil and sediment charcoal records further indicate the
presence of fire in Pinus–Quercus and mixed hardwood forests
in the southern Appalachian Mountains during the last
4000 years (Delcourt and Delcourt 1998; Fesenmyer and
Christensen 2010). However, existing Quercus spp. dendro-
ecological studies are limited to the northern and central
Appalachian Mountains and have not addressed the role of fire
in high-elevation Quercus-dominated forests in the southern
Appalachian Mountains.

Long-term climate change associated with increased tem-
peratures and alterations to precipitation regimes could dra-
matically impact southern Appalachian forests (Dale et al.
2001). Twenty-first century climate predictions for the south-
eastern United States suggest increasing temperatures and
possible alterations to precipitation regimes, which could dra-
matically impact the structure and composition of southern
Appalachian forests (Dale et al. 2001). However, the impact of
climate change on southern Appalachian forests remains un-
certain (Ford et al. 2011). If climate in the southern United
States becomes more erratic during the 21st century, weather
events such as ice storms, droughts, and high winds may occur
more frequently, further altering high-elevation southern

Appalachian forests (Bachelet et al. 2003; Hanson and Weltzin
2000; Greenberg et al. 2011).

Our objectives were to (i) quantitatively describe the species
composition and structure of a high-elevation old-growth
Quercus spp. forest after the introduction of C. parasitica, (ii)
document the role of selective logging, grazing, fire history,
wind events, and ice storms on the successional pathway of a
high-elevation Q. rubra forest in the Blue Ridge Mountains,
and (iii) examine the response of high-elevation Q. rubra to
climate during the 20th century.

Materials and methods

Study area
Bluff Mountain is a high-elevation area of ecological sig-

nificance in western North Carolina (Whigham 1969; Skeate
2004). The mountain is part of a small collection of old-growth
forest preserves in the Blue Ridge Mountains (Nash 1999).
Many of the vegetation assemblages characteristic of the Blue
Ridge Province are present at Bluff Mountain, including rock
outcrop communities, Tsuga caroliniana Engelm. (Carolina
hemlock) forests, dwarf Quercus spp. forests, and a southern
Appalachian fen (Whigham 1969; Tucker 1972; Lynch and
Fields 2002). More than 48 endangered, threatened, or rare
vascular plant species have been identified on Bluff Mountain
(Tucker 1972; North Carolina Natural Heritage Program
(NCNHP) 1999; Skeate 2004).

Bluff Mountain is a component of the Amphibolite Moun-
tains of the Blue Ridge Province in the southern Appalachian
Mountains (Mowbray and Schlesinger 1988; Lynch and Fields
2002). Elevation in the southern Appalachian Mountains
ranges between ca. 300 and 2000 m. The region supports some
of the highest species richness in North America (NCNHP
1999). Located in Ashe County, North Carolina, Bluff Moun-
tain rises from an elevation of approximately 1000 m to a
central peak of 1546 m (36°23=27�N, 81°34=18�W; Lynch and
Fields 2002). Local soils formed from amphibolite (metamor-
phosed basalt) contain high levels of calcium, magnesium, and
iron (Mowbray and Schlesinger 1988; NCNHP 1999). Much
of the exposed rock at Bluff Mountain is composed of horn-
blende and gneiss (Lynch and Fields 2002). Average January
temperature for the area is approximately –7 °C, with average
July temperatures of 21 °C (State Climate Office of North
Carolina (SCONC), http://www.nc-climate.ncsu.edu/cronos/
normals.php?station�313455, accessed March 2011). Yearly
average temperatures are approximately 10 °C. Total annual
precipitation averages 100 cm. March and October have the
highest average monthly precipitation (approximately 9 cm each
month). Annual snow accumulation in Ashe County averages
71 cm (SCONC, http://www.nc-climate.ncsu.edu/cronos/normals.
php?station�313455, accessed March 2011). The average grow-
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ing season in Ashe County is 139 days (SCONC, http://www.nc-
climate.ncsu.edu/cronos/normals.php?station�313455, accessed
March 2011). The growing season of high-elevation hardwood
forests (�1350 m) typically begins in late April and ends in
October.

Quercus rubra is a common canopy species that occurs
throughout the Appalachian Quercus spp. forest region of
eastern North America (Braun 1950; Stephenson and Adams
1986). However, tree species composition within Q. rubra

forests varies greatly with topographic position (Whittaker
1956; Day et al. 1988; Bolstad et al. 1998). Quercus rubra

typically grows at low- to mid-elevation sites but can live at
elevations as high as 1680 m in the southern Appalachian
Mountains (Burns and Honkala 1990). In most Quercus spp.
communities, Q. rubra shares dominance with a number of
other tree species. However, in high-elevation Q. rubra
communities, the species is the overwhelming dominant
(Whittaker 1956; Whigham 1969; Racine 1971).

The first botanist to visit Bluff Mountain was Asa Gray
during July 1841 (Sargent 1889; Tucker 1972). Gray noted
the dominance of C. dentata, Quercus alba L. (white oak),
Liriodendron tulipifera L. (tulip-poplar), Magnolia acuminata L.
(cucumber tree), and Acer saccharum Marsh. (sugar maple) on
Bluff Mountain (Sargent 1889). Gray also documented cattle
grazing in the Bluff Mountain forest communities. However,
the extent of grazing and the impact of grazing on Bluff
Mountain forest dynamics are not known. Old home sites and
roads are present in the Bluff Mountain Preserve and suggest
a history of selective logging (Tucker 1972). The contempo-
rary forests of Bluff Mountain have been impacted by anthro-
pogenic disturbances such as selective logging and grazing
and by natural disturbances such as high wind events and ice
storms (Sargent 1889; Tucker 1972). The Nature Conservancy
has owned and managed �520 ha of Bluff Mountain since
1978. The high-elevation (�1350 m) Q. rubra forest commu-
nity is only found on the ridgeline of Bluff Mountain and is
approximately 10 ha in size (�2% of the Bluff Mountain
Preserve). High-elevation Q. rubra dominated communities
exist in only a few disjunct, island populations in the southern
Appalachian Mountains. Forest managers are currently con-
ducting environmental education management and using pre-
scribed burning to retain Quercus spp. and other mast trees in
the forest canopy and to limit competition from mixed-
mesophytic species.

Methods
Forest composition and age-structure data were collected

within eight Q. rubra dominated 0.05 ha fixed-radius (radius �

12.66 m) plots on the ridge of Bluff Mountain. Plots were
located on the ridge of Bluff Mountain in close proximity to an
area with large hardwood logs (�60 cm diameter) on the
forest floor. Hardwood remnant logs were an indicator of
disturbance and were sampled to add annual resolution data to
the multicentury forest history. Our sample size was appropri-
ate for the relatively small size of the high-elevation Q. rubra
dominated forest (�2% of Bluff Mountain Preserve).

We tallied all trees by species and recorded diameter at
breast height (DBH; height � 1.37 m) of all trees �10.0 cm
DBH within each plot. Relative importance values were cal-
culated for each species as the average of the relative density
(number of individuals) and relative dominance (basal area)

(Cottam and Curtis 1956; Abrams et al. 2001). Importance
values combined with age–diameter data can show patterns in
past and current forest composition as a function of tree
species’ density and tree size (dominance) (Abrams et al.
1997, 2001; Ruffner and Abrams 1998). Importance values
were calculated as the average of relative density and relative
dominance for each species. Dominance values are particu-
larly useful for projecting future overstory composition after
stand-wide disturbances. Canopy class structure was also an-
alyzed for species composition in the dominant, codominant,
intermediate, and suppressed canopy classes (Oliver and
Larson 1996).

Dendroecological techniques and analyses were used to
provide temporally precise information on the forest distur-
bances and climate sensitivity of the Q. rubra dominated forest
(Stahle and Chaney 1994; Stokes and Smiley 1996; Hart et al.
2008; Pederson 2010). We sampled all living trees (�10.0 cm
DBH) in each plot using increment borers. All cores inter-
sected or very nearly intersected the tree’s pith and were taken
at or below 30 cm above the root collar and along the contour
of the slope to minimize the effects of reaction wood on the
growth patterns in each sample (Fritts 1976). We also col-
lected 20 cross sections from large remnant logs (�60 cm
diameter) to extend the tree-ring information obtained from
the cores further into the past (Fig. 1). A stem disk (ca. 2–4 cm
in thickness) was sawn from within 30 cm of the base of the
logs. Cross sections were collected to determine the occur-
rence and temporal frequency of fire scars. All cross sections
had missing bark and decayed sapwood. We visually exam-
ined each log and cross section in the field and noted the
presence or absence of fire scars.

Cores were allowed to air-dry completely and then were
glued to wooden core mounts with cells vertically aligned to
ensure a transverse view of the wood surface (Stokes and
Smiley 1996). Cross sections were given an initial flat surface
using a band saw to remove deep chain saw cuts prior to
sanding. The cross sections and core samples were progres-
sively sanded using a belt sander. The sanding process pro-
duced a wood surface with cellular features clearly defined
under 10� magnification for clear ring identification (Stokes
and Smiley 1996). Remnant wood species identification was
determined after sanding (Hoadley 1990). After cross sections
were sanded, we visually crossdated the cross sections and
examined the samples for fire scars, discoloration, healing
wood, and charcoal following methods described in Smith and
Sutherland (1999).

We measured the ring widths on all Q. rubra cores and cross
sections to 0.001 mm precision. We confirmed the graphical
crossdating and relative placements of all tree-ring series using
COFECHA, which uses segmented time-series correlation
techniques to confirm the previously assigned temporal place-
ments of all tree rings to the exact year that each was formed
(Holmes 1983; Stokes and Smiley 1996; Grissino-Mayer
2001a). The cores from all living Q. rubra were used to date
the cross sections from the remnant logs. Crossdating was
verified when the correlation coefficient for each tested seg-
ment exceeded 0.36 (p � 0.01), although coefficients were
usually much higher. The final suggested placement made by
COFECHA had to be convincing both graphically (similar
patterns in wide and narrow rings) and statistically (correlation
significant at p � 0.001) (Grissino-Mayer 2001a).
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We standardized all Q. rubra series in a chronology to
remove effects from age-related growth trends that could add
noise to the series unrelated to the climate signal desired in
chronology development (Fritts 1976). We developed a
Q. rubra chronology because Q. rubra were the oldest trees at
the study site. We removed the age-related growth trend of
each sample using the program ARSTAN (Cook 1985), which
fits a negative exponential trend line to the growth of the
sample using the least squares technique. ARSTAN then cre-
ates an index for that year by dividing the actual ring width by
the value predicted by the regression (Fritts 1976; Cook 1985).
The indices were then averaged for each year across all series
to create a single Q. rubra chronology (Fritts 1976).

We documented the frequency, magnitude, and spatial ex-
tent of canopy disturbance events by analyzing radial growth
trends (raw ring widths) in all dated Q. rubra samples. The
identification of release episodes (i.e., periods of anomalous
increased growth) is a widely used technique to develop forest
canopy disturbance chronologies (Nowacki and Abrams 1997;
Rubino and McCarthy 2004). Percent growth change equa-
tions are commonly used to reconstruct canopy disturbance
history in Quercus-dominated forests of the eastern United
States (Rentch et al. 2002; Copenheaver et al. 2009). In our
study, releases were defined as periods when raw ring width of
individual trees exceeded the mean of the previous and sub-
sequent 10 years (i.e., a 20-year window) by 25% (minor) or
50% (major) (Nowacki and Abrams 1997). In addition, we
required that the increased radial growth be sustained for a
minimum of three years (Hart and Grissino-Mayer 2008; Hart
et al. 2008, 2010, 2012). This release detection method has

been validated in mature Quercus stands, and empirical tests
revealed that a raw ring width increase of at least 25% over the
10-year running mean directly corresponds to a 25%–40%
increase in photosynthetically active radiation for the tree
crown. The three-year duration criterion required that the
tree crown was exposed to increased insolation for at least three
years (Buchanan and Hart 2012). We did not analyze the first
10 years of each tree-ring series to avoid juvenile growth.

We classified stand-wide disturbance events as episodes
when a minimum of 25% of living Q. rubra trees from at least
30% of our study plots with trees living at that time recorded
simultaneous release events (Nowacki and Abrams 1997;
Rubino and McCarthy 2004; Hart and Grissino-Mayer 2008).
Portions of our tree-ring record had relatively low sample depth,
and by establishing minimum percentages for trees and plots
recording concurrent releases, we attempted to avoid classifica-
tion of isolated events as stand-wide disturbances. Stand-wide
releases indicate that overstory trees were removed or severely
damaged throughout the entire stand during a short period. In this
region, natural disturbances capable of removing trees from a
broad area include ice storms and high wind events. Release
initiation dates and durations were entered into the computer pro-
gram FHX2 to display spatiotemporal characteristics of the distur-
bance chronology (Grissino-Mayer 2001b; Hart et al. 2008).

The climate – radial growth relationships for Q. rubra were
analyzed using divisional climate data obtained from the Na-
tional Climatic Data Center (NCDC; http://www.ncdc.noaa.
gov, accessed December 2010). We used climate data from the
NCDC North Carolina 2 (Northwestern) Division (Asheville,
North Carolina; ftp://ftp.ncdc.noaa.gov/pub/data/cirs/, accessed

Fig. 1. Large remnant logs on the forest floor of Bluff Mountain Preserve, North Carolina (Philip White (co-author) appears in this picture

taken by S. van de Gevel).
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July 2011) between 1930 and 2009. The climate variables used in
the climate response analysis included monthly average temper-
ature, monthly total precipitation, and monthly Palmer drought
severity index (PDSI). PDSI is used by the National Weather
Service to monitor drought and wetness conditions in the United
States and is a measure of the moisture conditions during the
growing season. PDSI incorporates temperature, precipitation,
and evapotranspiration as an estimate of soil moisture availability
as a monthly index (Palmer 1965). Correlation analysis was
used to statistically determine the strength of association be-
tween climate and Q. rubra annual radial growth (ARSTAN
index values). Correlation coefficients were calculated be-
tween growth indices and climate variables (temperature, pre-
cipitation, and PDSI) for a 24-month period from previous
January to current December. Seasons were determined for
each climate variable based on sequences of months during
which the climatic variable exhibited statistically significant
(p � 0.05) relationships to Q. rubra radial growth. Seasonal-
izing climate data was important because seasons illustrate the
longer period over which a climatic signal has the greatest
effect on tree radial growth.

Results

The dominant species in the high-elevation hardwood forest
were Q. rubra, A. saccharum, and Fraxinus Americana L.
(white ash) (Table 1). Living Q. rubra were the most dominant
trees in the forest canopy. Quercus rubra at Bluff Mountain
contributed 22% of the tree density and 45.7% of the total
basal area (m2·ha–1). Basal area for Q. rubra was 18.5 m2·ha–1,
and A. saccharum had the second highest basal area of
11.88 m2·ha–1. Quercus alba was present in the forest but had
a relatively low density (22.5 trees·ha–1) and low basal area
(0.95 m2·ha–1). The most abundant species in the tree layer
(based on relative density) were A. saccharum, Q. rubra, and
F. americana. We found low relative densities of A. rubrum,
F. grandifolia, and P. serotina. Forest species were also
grouped by canopy class, and values were standardized at the
hectare level to reveal canopy class distribution (Fig. 2). Acer
saccharum and Q. rubra were the most abundant species in the

canopy classes. Although Q. rubra was an important species in
dominant and codominant canopy positions, the number of
Q. rubra per hectare was very low compared with other
species in the intermediate and suppressed canopy classes.

We identified 170 living trees that established between 1741
and 1990 in the high-elevation hardwood forest (Fig. 3). The
oldest living trees were Q. rubra and one Q. alba that estab-
lished during the 1700s. The youngest Q. rubra tree estab-
lished during 1965. Acer saccharum, F. americana, and other
species established from the 1890s to the 1990s. We found two
distinct pulses of tree establishment during the last 250 years.
Quercus spp. established continuously between 1741 and
1900. The establishment of a cohort of Q. rubra occurred

Table 1. Density (number of trees·ha–1), dominance (basal area; m2·ha–1), and importance of

trees (mean of relative density and relative dominance) by species at Bluff Mountain Preserve,

North Carolina.

Species Density

Relative

density Dominance

Relative

dominance

Relative

importance

Quercus rubra 112.5 22.61 18.50 45.70 34.16

Acer saccharum 177.5 35.68 11.88 29.36 32.52

Fraxinus Americana 82.5 16.58 4.94 12.22 14.4

Betula alleghaniensis 27.5 5.53 2.44 6.04 5.78

Ostrya virginiana 40.0 8.04 0.96 2.37 5.20

Quercus alba 22.5 4.52 0.95 2.34 3.43

Carya glabra 10.0 2.01 0.36 0.88 1.45

Acer rubrum 7.5 1.51 0.10 0.24 0.87

Prunus serotina 5.0 1.01 0.17 0.42 0.71

Fagus grandifolia 5.0 1.01 0.08 0.20 0.60

Tilia americana 5.0 1.01 0.06 0.15 0.58

Acer pensylvanicum 2.5 0.50 0.03 0.08 0.29

Total 497.5 100.0 40.47 100.0 100.0

Fig. 2. Canopy class distributions for the three most important

species on the Bluff Mountain Preserve, North Carolina. Other

species: Betula alleghaniensis, Ostrya virginiana, Quercus alba,

Carya glabra, Acer rubrum, Prunus serotina, Fagus grandifolia,

Tilia Americana, and Acer pensylvanicum. Categories are based on

the amount and direction of intercepted light (Oliver and Larson

1996).
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during the 1930s–1950s. A large cohort of A. saccharum,
F. americana, and other hardwood individuals also established
during the 1930s–1950s.

Cross sections taken from remnant logs in the study area were
identified as Q. rubra, not C. dentata or other Quercus species

(Fig. 4). The wood anatomy feature that helped distinguish
Quercus spp. from C. dentata was the multiseriate rays. The
size and distribution of rays on a cross section are unique for
many species (Hoadley 1990). Quercus rubra and Q. alba
have multiseriate rays that are easily seen without a hand lens,
but C. dentata has numerous and extremely narrow rays (uni-
seriate) that can only be seen with magnification (Hoadley
1990). Quercus rubra and Q. alba were distinguished by the
absence of tyloses in the earlywood of Q. rubra (Hoadley
1990). After we determined that the logs were Q. rubra, we
extended the Q. rubra chronology further back in time.

Quercus spp. trees have thick bark and do not exhibit scars
from all fires (Guyette and Stambaugh 2004). After careful
examination of the intact wood in the 20 Q. rubra cross
sections, we did not find any fire scars, discoloration, healing
wood, or woundwood (Smith and Sutherland 1999). However,
fire scars were present at the base of several living trees in the
study area. The lack of scars in the cross sections does not
indicate the absence of fire in the study area (Guyette and
Stambaugh 2004). Decayed bark and sapwood may have in-
cluded recent fire scars and fire injuries (after 1950). The
decayed outer rings prevented us from the determining mor-
tality dates of the Q. rubra logs. However, the outermost dates
of the cross sections were clustered during the 1940s and
1950s.

The Bluff Mountain Q. rubra chronology (1671–2009) of
47 series (cross sections and cores) is the oldest and highest
elevation Q. rubra chronology in North America (Fig. 5)
(Speer et al. 2009; International Tree-Ring Data Bank 2010;
White et al. 2011). The interseries correlation and mean sen-
sitivity of the Q. rubra chronology were consistent with other
Quercus spp. chronologies from the region (Speer et al. 2009;
White et al. 2011). The average interseries correlation for the
Q. rubra chronology was 0.53, with a mean sensitivity of 0.19.
Approximately 5% of the 40-year segments by the program
COFECHA were flagged for possible dating errors. We visu-
ally checked the flagged time segments in the cores and cross
sections to ensure proper dating. Periods of reduced growth
and narrow rings in the Q. rubra chronology were formed
during 1700–1718, 1780–1804, 1811–1820, 1867–1878,
1967–1982, and 1990–2000 (although the actual magnitudes
of the indices varied) and served as marker rings for crossdat-
ing. Larger tree rings during 1672, 1740, 1766, 1833, 1851,
1951, 1957, 1960, 1964, and 2005–2008 were also used in the
crossdating process. We also noted the frequency of ice
storms, tornadoes, and tropical storms recorded between 1907
and 2008 in this region of the Blue Ridge Mountains (Table 2).

A total of 68 release events were detected from the 31
Q. rubra individuals analyzed (Fig. 6). Of these 68 releases, 58
(85%) were minor and 10 (15%) were major. The greatest
growth change increase over the 10-year running mean was
111%, recorded in 1902 for a single individual. Only three
trees (9%) did not exhibit at least one release episode during
their life span. Notably, 23 (74%) of the 31 series analyzed
exhibited multiple releases. The maximum number of releases
recorded in a single tree was four, but this pattern occurred in
three individuals. The mean release duration was 4.42 years �

0.18 (SE). The longest release episode lasted 9 years (1885–
1893) and was classified as a minor event. The mean duration
between release initiation years was 7.07 years � 1.33 (SE).
However, throughout the record, consecutive release initia-

Fig. 3. Age–diameter patterns and establishment periods of living

trees: (A) Q. rubra, (B) A. saccharum, F. americana, and other

species of the 170 living trees dated at Bluff Mountain Preserve,

North Carolina. (C) Establishment decades of all living trees. Other

species: Betula alleghaniensis, Ostrya virginiana, Quercus alba,

Carya glabra, Acer rubrum, Prunus serotina, Fagus grandifolia,

Tilia Americana, and Acer pensylvanicum.
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tions occurred approximately every 12 years. Quercus rubra
trees experienced frequent releases from the late 1920s to the
early 1930s, throughout the 1950s, the late 1960s, and the
early 1980s. Notably, no trees released between 1986 and
2005 (19 years), representing the longest release-free period
since the early 1800s. The site experienced four stand-wide
release events, with more release episodes initiated during the

1980s than in any other decade. Notably, no stand-wide dis-
turbances occurred between the 1830s and the 1920s.

The climate correlation analysis showed the strongest rela-
tionship between Q. rubra radial growth and temperature
(Fig. 7). Quercus rubra responded positively to cool March
temperatures. The negative correlations during the previous
summer indicate an increase in temperature in the previous

Fig. 4. Radial view of (A) Castanea dentata and (B) Quercus rubra. Note the multiseriate rays (marked with black arrows) in the Q. rubra

and the lack of rays in the C. dentata.

Fig. 5. Ring-width index chronology generated from Quercus rubra series sampled at Bluff Mountain Preserve (AD 1671–2009), the oldest

Q. rubra chronology (340 years) in North America. The mean radial growth is standardized to 1.0 (n � number of series at that time). The

dotted line is the 10-year moving average of the Q. rubra chronology. Gray vertical bars indicate stand-wide release episodes.
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year’s summer results in decreased radial growth. We also
found a strong negative relationship with Q. rubra growth and
temperature during July and November. Quercus rubra had a
strong negative correlation to previous January and current
May precipitation. However, we found positive correlations
between Q. rubra radial growth and previous July precipita-
tion and current July precipitation. We also found negative
correlations between Q. rubra radial growth and PDSI during
the previous January and previous July.

Discussion

Forest composition
High-elevation hardwood forests in the Appalachian

Mountains were historically dominated by C. dentata, com-
prising between 25% and 75% of southern Appalachian
forests (Holmes 1911; Braun 1950; Kuhlman 1978). Casta-

nea dentata was in the dominant and codominant canopy
classes, similar to the current dominance of Q. rubra. In 1905,
C. dentata was the most important tree species in the high-
elevation hardwood forests of northwestern North Carolina
(Reed 1905; Braun 1950). Castanea dentata contributed 45%–
47% of the tree density, with Q. rubra second in abundance
(Reed 1905; Braun 1950). In Ashe County, North Carolina,
C. dentata contributed to approximately 27% of all standing
trees and 20% of cut lumber (Holmes 1911). Although we do
not have C. dentata density data specifically for Bluff Moun-
tain from the early 20th century, we saw C. dentata stump
regeneration and Asa Gray identified the dominance of C. den-

tata on Bluff Mountain (Sargent 1889).
In southern Appalachian Mountain forests, the disappearance

of C. dentata from the canopy during the 1930s provided a period
of unusually high recruitment of new individuals of Q. rubra and

Table 2. Ice storms, tornado damage, and tropical storm history in northwestern North Carolina.

Ice storm dates

(1960–2008)

Tornado damage

(1950–2002)

Tropical storm year and type

(1907–2004)

Tropical storm wind

speed (km/h)

March 1960 October 1950 1907 (ES) 56

December 1962 November 1954 1920 (TD) 40

January 1968 April 1956 1940 (ES) 56

January 1982 September 1959 1949 (TS) 64

December 1989 September 1960 1959 (ES Gracie) 72

March 1993 September 1963 1989 (TS Hugo) 88

February 1994 September 1964 2003 (ES) 32

June 1995 October 1965 2004 (TD) 32

December 1995 October 1969

February 1996 May 1973

December 2000 April 1974

December 2003 March 1975

February 2005 May 1976

February 2008 April 1977

June 1978

July 1979

May 1980

June 1981

September 1982

May 1983

March 1984

June 1986

May 1989

June 1990

March 1991

July 1992

August 1993

June 1994

May 1995

April 1996

October 1997

March 1998

September 1999

April 2000

September 2002

Note: Ice storm data (NCDC, ftp://ftp.ncdc.noaa.gov/pub/data/cirs/, accessed July 2011); tornado damage
in Ashe County, North Carolina (Storm Prediction Center (SPC), NOAA, http://www.spc.noaa.gov/wcm/
#data, accessed July 2012); and tropical storm data for mountainous areas within 80 km of Bluff Mountain
(SCONC, http://www.nc-climate.ncsu.edu/lsrdb/index.php, accessed July 2012); ES, extratropical storm; TS,
tropical storm; TD, tropical depression.
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other species into the canopy (Keever 1953; Woods and Shanks
1959; Stephenson and Adams 1986; Turner et al. 2003). The
C. parasitica fungus caused the functional extinction of
C. dentata (Ellison et al. 2005), which created large gaps in the

forest canopy. We found an increase in abundance of several

Quercus spp. trees after the introduction of C. parasitica

during the 1930s. The loss of C. dentata contributed towards

Q. rubra dominance in the forest canopy. We also found tree

establishment patterns between the 1930s and 1950s that cor-

respond with the decline of C. dentata in the forest.

The ability to study multicentury forest dynamics within high-

elevation Q. rubra communities of the southern Appalachian

Mountains is restricted by a lack of old-growth stands (Lorimer

1980; Loehle 1988; Blozan 1994). Old-growth characteristics

are abundant throughout the Bluff Mountain forest, including

features found in other studies such as large-diameter trees, a

variety of diameter classes and canopy layers, canopy gaps,

and coarse woody debris on the forest floor (Stahle and

Chaney 1994; Abrams and Copenheaver 1999; Abrams et al.

2001; Pederson 2010). The Bluff Mountain forest has been

heavily influenced by natural and anthropogenic disturbances.

Asa Gray observed the presence of cattle grazing on Bluff

Mountain during the mid-19th century (Sargent 1889). Cattle

and sheep grazing was noted as “extensive” in Ashe County,

North Carolina (Holmes 1911). Overstory trees showed signs

of disturbance, including broken branches and abundant can-

opy gaps. We observed canopy disturbance evidence from ice

storms, windthrow events, and past fires at the study site.

Importance values, canopy class distributions, and age–

diameter results show the future trajectory of the historically

Fig. 6. (A) Release events using the 10-year running mean method for 31 Quercus rubra individuals sampled from Bluff Mountain

Preserve, North Carolina. Each horizontal line represents the record from one individual tree, long vertical bars indicate release initiation,

and short vertical bars indicate release duration. Gray vertical bars indicate release episodes that occurred in 25% or more of the living

trees across 30% or more of our study plots with living trees at that time. The series above the break are tree cores and beneath the break

are cross sections. (B) A composite of release events for all stands.

Fig. 7. Significant (r � �2.0, p � 0.05) relationships between

Quercus rubra and temperature (Temp.), precipitation (Precip.),

and Palmer drought severity index (PDSI) at Bluff Mountain

Preserve, North Carolina.
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C. dentata dominated forest. The forest canopy was dominated
by Q. rubra, A. saccharum, and F. americana. However, stem
density was highest for A. saccharum. Shade-tolerant species
will likely increase in dominance as intermediate and sup-
pressed individuals are recruited to larger size and canopy
classes. Juvenile Q. rubra are outcompeted by shade-tolerant
tree species that remain suppressed until the formation of
canopy gaps. Acer saccharum is a shade-tolerant species that
can competitively exclude Quercus spp. in the lower canopy
classes (Lorimer et al. 1994). As more trees in the suppressed
and intermediate canopy positions reach codominant and dom-
inant positions, the forest will likely change from a Q. rubra

dominated forest to a forest with more shade-tolerant meso-
phytic species, specifically A. saccharum. Canopy gaps his-
torically assisted Q. rubra and C. dentata establishment. The
establishment of A. saccharum and other mesophytic species
prohibits Q. rubra from establishing in emergent forest gaps
and recruiting to larger size classes. Quercus rubra is moder-
ately shade tolerant but less tolerant than the competing Acer

spp. (Abrams 1990, 1992). Therefore, understory Q. rubra

may be competitively excluded under the current disturbance
regime from recruitment into larger canopy classes by A. sac-

charum and other shade-tolerant species.

Fire history
Previous studies have proposed that the Quercus-to-Acer suc-

cessional shift was caused by active fire suppression that began
during the early 20th century (Abrams 1992; McEwan et al.
2007; Nowacki and Abrams 2008). Quercus rubra is consid-
ered tolerant of fire, but A. saccharum and other mesophytic
species are fire sensitive. It has been widely hypothesized that
frequent, low-intensity fires historically inhibited A. saccha-

rum establishment and facilitated Quercus spp. recruitment
(Abrams 1992; Brose et al. 2001; Nowacki and Abrams 2008).
Fire suppression may contribute towards the Quercus-to-Acer

succession pattern on some high-elevation Quercus sites.
However, fires may not have directly impacted the establish-
ment of Q. rubra at Bluff Mountain during the past 250 years.
Furthermore, the lack of fire scars and fire injuries prior to ca.
1950 in the Q. rubra cross sections suggests that fire was not
a disturbance that inhibited establishment of A. saccharum on
this site. Fire scars were present on several living hardwood
trees in the study area but were not present in the Q. rubra

cross sections. Although not all fires scar trees and it is
possible that fire scars may have been present in the decayed
sapwood and bark of the Q. rubra cross sections, we propose
that fires were rare or did not scar Q. rubra trees in the stand
prior to 1950. Frequent, low-intensity fires did not inhibit
A. saccharum establishment. The majority of the trees sampled
in our study established between 1935 and 1990. We suggest
that tree establishment from the 1930s to the 1950s was a
function of the introduction of C. parastitica and unrelated to
a change in the fire regime (i.e., fire suppression). Our results
indicate that factors other than fire suppression may explain
the transition from Quercus to Acer forests at Bluff Mountain
(e.g., Hart et al. 2008; McEwan et al. 2011).

Canopy disturbance history
Previous forest studies in the Appalachian Mountains doc-

umented radial growth increases in Quercus spp. caused by the
decline of C. dentata and tree damage from ice storms and

high-speed wind events (Keever 1953; Woods and Shanks
1959; Stephenson and Adams 1986; Lafon and Speer 2002;
Hart et al. 2008). Bluff Mountain Q. rubra trees experienced
stand-wide disturbances between the 1930s and 1950s that
corresponded with C. dentata decline. Large disturbances also
occurred during the late 1960s and the early 1980s that favor-
ably affected radial growth in the Q. rubra chronology. We
hypothesize that the large disturbances during the late 1960s
and the early 1980s were ice storms or high-speed wind events
that impacted high elevations in the southern Appalachians
(Cseke 2003; NCDC, ftp://ftp.ncdc.noaa.gov/pub/data/cirs/,
accessed July 2011). The Q. rubra trees showed a period of radial
growth suppression between 1967 and 1982 that could have been
caused by damage to tree canopies from ice storms or high winds. Ice
storm and wind damage in Q. rubra forests can facilitate the forma-
tion of tree cavities, which may predispose the affected trees to
windthrow during storms (Whitney and Johnson 1984; Rebertus
et al. 1997; Bragg et al. 2003). Large broken branches and
canopy gaps on Bluff Mountain suggested recent ice or wind
damage. Ice storms and high winds are common in the Blue
Ridge Province, which influences frequency and scale of gap
formation, coarse woody debris loadings, and forest succes-
sion in Quercus forests (Rebertus et al. 1997; Copenheaver
et al. 2006). Tree-ring evidence of ice storms or wind events
included periods of suppression and release in the Q. rubra
samples (Lafon and Speer 2002). Quercus rubra radial growth
during 1986–2005 was average and did not show suppressions
or releases related to disturbance events. The lack of Q. rubra
releases between 1986 and 2005 could indicate that the ice
storms or wind events during this period were not strong
enough to cause canopy damage.

The occurrence of four stand-wide disturbances during the
250-year forest record indicates that the return interval of
stand-wide disturbance events in the study area is within the
range of what has been reported elsewhere in the eastern
United States. The 90-year stand-wide release gap between the
1830s and the 1920s was unexpected. We expected to see a
stand-wide release during this period from selective logging,
but perhaps logging did not impact this high-elevation site
compared with lower elevation forests. Disturbance events did
not occur in every Q. rubra tree, yet many release episodes
occurred in a single tree. Therefore, we hypothesize that the
introduction of C. parasitica, wind events, and ice storms were
the primary disturbance events that influenced forest dynamics
in the Bluff Mountain Preserve during the 19th and 20th
centuries. These release events likely resulted from canopy
disturbances that involved the partial or total death of canopy
individuals (Nowacki and Abrams 1997; Rubino and McCarthy
2004).

Climate response
The climatic response of high-elevation Q. rubra at Bluff

Mountain was not consistent with relationships identified in
previous Quercus spp. dendroclimatological studies in the
eastern United States. Radial growth in Quercus spp. at lower
elevations is typically associated with cool, moist summers
(Cook and Jacoby 1977; Stahle and Hehr 1984; Bortolot et al.
2001; D’Arrigo et al. 2001; Speer et al. 2009; White et al.
2011). Unlike other Quercus spp. climate studies, we found a
weak relationship between summer conditions and Q. rubra
radial growth (Speer et al. 2009; White et al. 2011; Crawford
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2012). We identified spring temperatures to be most associated
with Q. rubra radial growth on Bluff Mountain. Specifically,
radial growth in sampled Q. rubra responded positively to cool
March temperatures. Warm March temperatures can lead to
early budbreak and leafing that increases risk of exposure to
freezing temperatures (Lopez et al. 2008). The risk of freezing
temperatures during March is high in southern Appalachian
hardwood forests (Lopez et al. 2008). Quercus rubra trees
damaged by freezing temperatures allocate resources to replace
nutrients lost in damaged leaves (Givnish 2002). Thus, Q. rubra
may favor cool March temperatures that delay budbreak and
leafing in high-elevation forests. Relationships between radial
growth and previous and current July precipitation, coupled
with inverse relationships with temperature, indicate that July
moisture availability also influenced Q. rubra radial growth
at Bluff Mountain. The Q. rubra radial growth and July
temperature and precipitation relationships were weaker
than in other studies (Cook and Jacoby 1977; Stahle and
Hehr 1984; Bortolot et al. 2001; D’Arrigo et al. 2001; Speer
et al. 2009; White et al. 2011; Crawford 2012).

An improved knowledge of how Q. rubra responds to
climate factors, especially drought, may provide a better
understanding of maturing Quercus spp. forests at high eleva-
tions (Voelker et al. 2008). Quercus rubra is a drought-
tolerant species (Abrams 1990; Kolb et al. 1990; Abrams and
Copenheaver 1999; Olano and Palmer 2003) and is an impor-
tant species on mesic and xeric sites in southern Appalachian
forests. Drought and root rot fungi (e.g., Armillaria mellea
Vahl ex Fr.) are important contributing factors to the mortality
of Q. rubra (Biocca et al. 1993; Jenkins and Pallardy 1995;
Oak et al. 1996; Bruhn et al. 2000; Clinton et al. 2003; Voelker
et al. 2008). Drought can directly affect Q. rubra by reducing
growth or inducing mortality (Fahey 1998; Condit et al. 1999).
Drought can also indirectly affect vitality by predisposing
trees to damage from other abiotic (e.g., fire and wind events)
or biotic (e.g., disease and pathogens) factors (Olano and
Palmer 2003; Klos et al. 2009). The observed drought toler-
ance of high-elevation Q. rubra may favor Quercus-
dominated forests more than mixed mesophytic forests if
drought episodes increase in frequency and intensity during
the 21st century (Klos et al. 2009).

Conclusions

Forest inventory and dendroecological analyses allowed
us to determine the establishment sequence of Q. rubra,
A. saccharum, and other hardwood species. Tree species com-
position and age structure have changed as a consequence of
C. parasitica, wind events, and ice storms in an old-growth
Q. rubra forest in the Blue Ridge Mountains. In this study, we
crossdated remnant logs with old-growth Q. rubra trees to
develop a forest disturbance history that spans 340 years and
created the oldest Q. rubra chronology in North America.
Although fire scars were present in living hardwood trees, we
did not find fire scars in the Q. rubra remnant logs. The lack
of fire scars and fire injuries in remnant logs indicates that fires
occurred after 1950 but may have been rare prior to this time.
Major release events in Q. rubra trees corresponded to the loss
of C. dentata during the 1930s and to ice storms and wind
events. Understory A. saccharum and other mesophytic spe-
cies may respond to ice storm and wind damage in the
Q. rubra dominated overstory (De Steven et al. 1991; Rebertus

et al. 1997). Although Q. rubra has been a dominant species at
this site during the past 300 years, the forest will likely
transition to support a much stronger A. saccharum component
during the 21st century. The species establishment pattern that
we identified at Bluff Mountain is consistent with those of
other studies throughout the eastern United States where
Quercus-dominated forests will transition to mixed mesoph-
ytic species (Fralish et al. 1991; Abrams 1992; Ruffner and
Abrams 1998; Hart et al. 2008). Fire may not have historically
maintained Q. rubra dominance in this forest, but forest man-
agers may consider manipulating stand structure through pre-
scribed burning to decrease the density of A. saccharum and
other mesophytic species in the understory. High-elevation
Q. rubra were less sensitive to summer drought than lower
elevation Quercus spp. forests. As temperatures increase,
drought-tolerant Q. rubra may have a successional advantage
over A. saccharum and other species that are more drought
sensitive. This study provides a multicentury perspective for
forest conservation and management in high-elevation Quer-
cus spp. forests in the southern Appalachian Mountains.
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