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Abstract

We analyzed data from 19 0.1 ha permanent plots of an old-growth cove forest in Walker Cove Research Natural Area (North

Carolina), in order to understand the process affecting old-growth forest dynamics. During the study period (1979–1994) every

stem with DBH larger than 5 cm was identified to species level and DBH was measured every 5 years. Between 1984 and 1989

censuses, a severe drought occurred in the forest. In the studied period, basal area proportions among dominant tree species

changed: Acer saccharum and Aesculus flava showed significant increases, whereas Tilia americana and Fagus grandifolia

decreased. Recruitment increased significantly during the study period. Mortality had a maximum during drought, having an

U-shaped pattern as a function of diameter for T. americana and F. grandifolia and an L-shaped pattern for A. saccharum and

A. flava. Diameter growth was negatively related to mortality, and was a stronger predictor of mortality than DBH. Surprisingly,

diameter growth was highest during the drought. This pattern was constant among the dominant species, but varied considerably

across the different size classes, with growth increases in the smaller size classes, but growth reduction for the largest size class.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Models of disturbance in old-growth forests consist

of a continuum between two extremes: the cata-

strophic cycle model (Peterson and Pickett, 1995)

and the gap dynamics model (Brokaw and Busing,

2000). Both of these models assume that there is a

competitive gradient from light-demanding, fast-

growing, pioneer species to slower-growing, shade-

tolerant, advanced successional species. In both cases,

high recruitment and dominance of pioneer species

characterizes the initial stages of recruitment. As the

forest matures and the canopy closes, the reduced light

environment will favor shade-tolerant species, which

will grow in the undercanopy, and eventually replace

pioneer species.

In the catastrophic cycle model, the occurrence of

major perturbations is so frequent that shade-tolerant

species will not have time to exclude pioneer species

before the next major perturbation (Abrams and

Orwig, 1996). Thus the cycle will start again. If the

frequency of disturbance is relatively high, advanced

successional species can eventually become very

scarce or absent. Different forms of catastrophic dis-

turbance have been reported in the literature, including

hurricanes (Peterson and Pickett, 1995; Batista et al.,
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1998; Brown et al., 1999), fire (Donnegan and Rebertus,

1999; Veblen et al., 1999), avalanches (Fischer, 1992;

Walsh et al., 1994) and landslides (Allen et al., 2000).

In this model, pioneer species will recruit in pulses,

under the conditions created by perturbation, whereas

shade-tolerant species will recruit more continuously.

In the gap dynamics model, the occurrence of major

perturbations is infrequent, and does not affect whole

stands. In this situation shade-tolerant species have

the potential to dominate in an equilibrium state

where recruitment is dependent on gaps created by

dying trees (Runkle, 1981). Shade-tolerant species will

colonize most of the newly created gaps, while the

shade-intolerant species will be limited to larger,

multi-tree gaps, as long as their propagules are avail-

able (Peterson and Carson, 1996). In this scenario

recruitment will be continuous through time for both

species groups. Despite the differences between both

of these models, their mechanistic basis is similar,

differing only in the rate, intensity and extension of

perturbations.

As a disturbance type, drought does not fit comfor-

tably within the catastrophic disturbance-gap dyna-

mics continuum of models. Although much research

has concentrated on the effect of catastrophic distur-

bance (e.g. Peterson and Pickett, 1995; Oliver and

Larson, 1996; Batista et al., 1998) and gap dynamics

(e.g. Runkle, 1981; Peterson and Carson, 1996), less is

known about the effects of less intense but more

extensive disturbances such as droughts. Droughts,

despite lacking the intensity and massive mortality

of some major perturbations, can affect vast areas of

forests, modifying tree dynamics, and therefore are

able to alter competitive relations among tree species.

An increase in tree mortality during drought episodes is

well documented (Fahey, 1998; Condit et al., 1999).

The effect of drought is not limited to xeric habitats

because it can also occur in mesic (Abrams et al., 1998)

or even perhumid conditions (Condit et al., 1999;

Nakagawa et al., 2000). Drought can reduce trees’

vigor and may predispose them to disease or pathogens.

Species (Abrams et al., 1998) and size class (Fahey,

1998; Condit et al., 1999) must be taken into account

when explaining drought-induced mortality. Under the

growing evidence of a climatic change (IPCC, 2001),

droughts will probably increase in frequency and

magnitude. Therefore, it is important to understand

how drought affects forest dynamics.

With these considerations in mind, we analyze

the data for 15 years (1979–1994) in an Appalachian

old-growth cove forest. During this period, National

Oceanic and Atmospheric Administration (NOAA,

2000) data reveal one of the longest regional drought

episodes in the 20th century. Our aim is to answer

several questions: How has the dominance in this

forest changed during this period? How does drought

affect the patterns of mortality and recruitment? Can

stem mortality be predicted based on size or growth?

How does drought affect trees’ competitive hierar-

chies?

2. Methods

2.1. Study site

The Walker Cove Research Natural Area (WCRNA),

which is located in the Pisgah National Forest,

Buncombe County, North Carolina, is a 21.45 ha site

consisting almost entirely of old-growth forest. Eleva-

tion ranges from 1195 to 1317 m, the average slope is

38% (5–65), and the average soil pH is moderately

acid, 4.8 (4.5–5.7). The prevailing aspect is northwest

(Dickison, 1980). No weather stations are available in

the immediate vicinity of Walker Cove. However,

Dickison (1980) reported estimates, derived from mod-

els in the literature, of 10.3 8C average temperature and

an annual rainfall of 127–152 cm.

The dominant tree species are Acer saccharum

Marsh., Fagus grandifolia (Ehrh.) little, Tilia amer-

icana Vent. and Aesculus flava Marsh. We found a

total of 19 tree species in the study area. Previous

research at WCRNA include Hepting (1944),

Dickison (1980), Runkle (1979, 1981, 1982, 1998,

2000), Runkle and Yetter (1987) and Hardt and Swank

(1997).

Regional hydric balance was quantified using the

Palmer drought severity index (PDSI) and was pro-

vided by NOAA (2000). The PDSI is calculated based

on precipitation and temperature data, as well as the

local available water content of the soil. Despite its

limitations (Alley, 1984), this index is a standard to

describe moisture conditions. After the 1970s, one of

the wettest decades in the 20th century, the 1984–1989

period comprised the driest 5 years in the century

(Fig. 1).
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2.2. Field methods

In 1979, 20 0.1 ha (20 m � 50 m) permanent plots

along seven parallel transects were in WCRNA

(Dickison, 1980). Transects were separated from each

other by 100 m. Within each plot, each woody stem

over 5 cm DBH was identified to species level,

mapped and tagged. DBH was measured to the nearest

millimeter. The plots were resurveyed in 1984, 1989

and 1994. For simplicity, 1979–1984 period is called

the pre-drought period, 1984–1989 the drought period

and 1989–1994 the post-drought period.

One of the 20 original plots, located at the periphery

of WCRNA, is dominated by Robinia pseudoacacia L.

and lacks large trees. This plot has probably been

subjected to recent human disturbance (Dickison,

1980; H. McNab, personal communication) and there-

fore was omitted from subsequent analysis. Nomen-

clature of the taxa encountered follows Kartesz

(1994).

2.3. Data analysis

Trees were grouped into four DBH classes (I: 5–

10 cm, II: 10–20 cm, III: 20–40 cm, and IV: >40 cm).

We assessed variables for normality using the

Kolmogorov–Smirnov test and transformed when this

assumption was not fulfilled. We used repeated mea-

sures analysis of variance, also called within-subjects

design (Moser et al., 1989; Norušis, 1994; Ximénez

and San Martı́n, 2000) to compare the effect of time on

the variable of interest; this analysis accounts for

temporal autocorrelation. We used Mauchly W to test

for sphericity; if the sphericity assumption was not

fulfilled we used multivariate contrasts instead of

univariate contrasts (Norušis, 1994). This test was

performed for basal area, mortality (in percentage),

recruitment and diameter growth (only for stems

surviving the whole period). Trends between variables

and time were tested using polynomial contrasts

(Ximénez and San Martı́n, 2000).

We calculated mortality rate on a 5-year basis and

then transformed it to an annual rate with the for-

mula

sðxÞ ¼ 1 � ð1 � mðxÞÞ1=n

where s(x) is the annual mortality rate function, m(x)

the 5 years mortality function and n the number of

years, five in this case. We performed all analyses with

SPSS (v.10.0).

We built mortality models for the four dominant

species for the drought and post-drought periods by

means of a stepwise logistic regression (ter Braak and

Looman, 1987; Legendre and Legendre, 1998). Dia-

meter growth in the prior 5-year period, diameter at

the beginning of the period, square diameter and an

interaction term between diameter and growth were

selected as independent variables. Variables were

included in the model by the Wald forward stepwise

selection, cut-off value for inclusion in the model

was 0.05, and 0.1 to exclude a previously included

variable; overall model significance was tested by

the �2LL procedure (Norušis, 1994). Since stepwise

analyses compromise the strict use of inferential

statistics (see, e.g., Hallgren et al., 1999), we treat

our results as descriptive and exploratory.

Fig. 1. Palmer drought severity index for the 1970–1994 period. Positive values indicate wet conditions, and negative values drought

conditions. Data source: NOAA (2000).
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3. Results

3.1. Stand density and basal area

The majority of trees in WCRNA belong to mesic

and shade-tolerant species. These trees, consisting of

A. saccharum (sugar maple), T. americana (white

basswood), F. grandifolia (American beech) and A.

flava (yellow buckeye), accounted in 1994 for more

than 80% of the basal area and 75% of the stems

(Table 1). Several light-demanding to intermediate

species such as Betula alleghaniensis Britt. (yellow

birch), Fraxinus americana L. (white ash), Carya

cordiformis (Wangenh.) K. Koch (bitternut hickory)

and Magnolia acuminata L. (cucumber magnolia),

accounted for an appreciable proportion of total basal

area (13.2%), but a relatively low proportion of stems

(5.6%). In contrast, two medium-sized shade-tolerant

understory tree species, Ostrya virginiana (Mill.) K.

Koch (eastern hop hornbeam) and Acer pensylvanicum

L. (striped maple), were well represented in terms of

stem density (17.2%), although their contribution to

basal area was small (2.4%). Total species richness

declined in the study period from 19 to 18 as the only

individual of Quercus prinus L. (chestnut oak), a

74.6 cm DBH tree died during the drought period.

There was no significant change in basal area of all

species combined during the study period. However,

some species exhibited significant changes. A. sac-

charum had a continuous increase in basal area

through the whole period (13.12%, p < 0:001), as

did A. flava, which increased during the pre-drought

and drought periods and then remained stable (5.71%,

p < 0:001). The two other dominant species showed

opposite trends. T. americana decreased in the pre-

drought census and then maintained its basal area

(�6.56%, ns), whereas F. grandifolia showed a clear

decrease (�17.56%, ns), despite census averages for

this species had a linear decreasing trend, as detected

by polynomial contrast ðp < 0:001Þ. Among the other

species F. americana (24.56%, ns) and B. allegha-

niensis (8.6%, ns) displayed the major variations in

basal area.

3.2. Recruitment

As expected, more than half (55.2%) of the

recruited stems belonged to the four dominant

shade-tolerant species (A. saccharum, F. grandifolia,

T. americana, A. flava). A high percentage (40.6%)

consisted of the two understory trees (A. pensylvani-

cum and O. virginiana). The remaining species only

Table 1

Basal area and stem density in the four censuses (shade tolerance according to Iverson et al. (1999), except Acer spicatum (Hosier, 1974) and

Magnolia spp. Trimble (1975))a

Species Shade Basal area (m2 ha�1) Density (stems ha�1)

1979 1984 1989 1994 1979 1984 1989 1994

A. saccharum S 11.20 11.56 11.87 12.67 169 164 162 169

A. flava S 3.85 4.00 4.10 4.07 81 78 76 73

F. grandifolia S 5.75 5.21 4.88 4.74 146 136 119 121

T. americana S 6.89 6.41 6.50 6.44 60 56 58 67

A. pensylvanicum S 0.15 0.11 0.10 0.13 25 22 20 27

O. virginiana S 0.69 0.57 0.64 0.68 47 47 55 72

Acer rubrum L. S 0.81 0.73 0.79 0.85 8 8 7 7

B. alleghaniensis I 1.51 1.56 1.59 1.64 14 13 12 13

C. cordiformis I 0.60 0.63 0.29 0.31 2 2 2 2

F. americana I 1.14 1.25 1.33 1.42 7 6 6 6

M. acuminata I 0.25 0.29 0.33 0.23 4 4 4 4

Othersb 0.63 0.66 0.47 0.52 13 12 11 13

Total 33.44 32.95 32.91 33.70 576 548 533 574

a L: shade intolerant, I: intermediate, S: shade-tolerant.
b Others include: Q. prinus (I), B. lenta (L), Magnolia fraseri (I), Tsuga canadensis (L) Corr. (S), Carya glabra (I), L. tulipifera (I), P.

serotina (L) and A. spicatum (S).
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accounted for a small fraction (4.2%) of the recruits

(Table 2). The rate of recruitment into the smallest size

class increased during the studied period (5.37, 7.89–

15.9 stems ha�1 yr�1, p < 0:001) following a linear

trend ðp < 0:001Þ. This pattern was common to almost

all the species recruiting. The number of species

recruiting increased from 6 to 11.

3.3. Mortality

Roughly a fourth of the trees (26%) present in the

initial 1979 census were dead in the final 1994 census.

Mortality was negatively related to size (Fig. 2).

Mortality varied during the study ðp ¼ 0:044Þ: post-

drought mortality was significantly lower ðp < 0:001Þ
than the two previous periods, but there were no

significant differences between pre-drought and

drought mortality.

Mortality varied as a function of species and size

(Table 3). Annual mortality rates for the smallest size

class ranged from 1.6% for A. flava to 3.2% for T.

americana and F. grandifolia. As diameter increased,

mortality rates decreased for size classes II and III.

The largest size class showed two contrasting patterns:

A. saccharum and A. flava showed the lowest mortality

rates, whereas T. americana and F. grandifolia had an

increase for the largest size class. This change was

especially noteworthy for Fagus. It had the highest

mortality rate (3.8%) of the species in this size class,

more than 50% of the stems (6 of 11) died in the pre-

drought period.

Stepwise logistic models were always significant

(Table 4). Diameter growth was the best predictor in

all models, and mortality was negatively related to

diameter growth. During post-drought census, the

stepwise logistic regressions for A. saccharum and

T. americana included diameter as a second para-

meter; mortality decreased as a function of size for

both species.

3.4. Diameter growth

DBH growth rates for trees surviving for the whole

period showed an unexpected pattern, since diameter

growth rate had a maximum during the drought period

(1.74–1.99–1.52 mm yr�1). However this behavior

depended on size class. The largest size class

(DBH � 40 cm) had minimal diameter growth rate

during the drought period (Fig. 3, 3.4), a pattern that

was common for the four dominant species. After

drought, only F. grandifolia and A. saccharum recov-

ered their former diameter growth rates. Size class III

showed a different response (Fig. 3, 3.3). T. ameri-

cana, A. saccharum and A. flava increased during the

drought period, whereas F. grandifolia showed a

Table 2

Recruitment rates during the study period

Species Recruitment rates (stems ha�1 yr�1)

Pre-drought Drought Post-drought

A. saccharum 1.0 1.9 3.3

A. flava 0.2 0.4 0.4

F. grandifolia 0.5 0.8 2.6

T. americana 0.8 1.4 2.7

A. pensylvanicum 1.6 1.1 2.0

O. virginiana 1.7 2.2 3.9

T. canadensis 0.0 0.1 0.3

Othersa 0.0 0.2 0.7

a Others included P. serotina, M. acuminata, A. spicatum, L.

tulipifera, B. alleghaniensis.

Fig. 2. Mortality rate per size class (I: 5–10 cm, II: 10–20 cm, III:

20–40 cm and IV: >40 cm). Dotted white pre-drought period

(1979–1984), black drought period (1984–1989) and gray post-

drought period (1989–1994).

Table 3

Mortality rates (%) for the four dominant species and DBH classes,

in yr�1

Species DBH class

5–10 cm 10–20 cm 20–40 cm >40 cm

A. saccharum 2.1 1.6 0.5 0.3

A. flava 1.4 1.3 0.7 0.3

F. grandifolia 3.2 2.1 1.8 3.8

T. americana 3.2 1.4 0.8 1.1

J.M. Olano, M.W. Palmer / Forest Ecology and Management 174 (2003) 139–148 143



continuous decline. Size class II showed a clear

increase during the drought period (Fig. 3, 3.2), which

was significant for three of the dominant species, after

drought diameter growth got close to pre-drought

values. The smallest size class had a clear maximum

for all species during the drought period (Fig. 3, 3.1),

significant for all considered species, but A. flava

ðp ¼ 0:056Þ. The average post-drought diameter

growth was lower than pre-drought diameter growth

for all of them.

Table 4

Logistic models for mortality

Species Mortality

predicted for

Growth period

considered

Number of

stems in analysis

Model p Parameters

in model

Parameter p R

A. saccharum 1989 1979–1984 303 0.0001 Diameter growth 0.0006 �0.2470

1994 1984–1989 290 0.0013 Diameter growth 0.0433 �0.1219

Diameter 0.0071 �0.1933

A. flava 1989 1979–1984 146 0.013 Diameter growth 0.025 �0.147

1994 1984–1989 140 0.011 Diameter growth 0.020 �0.186

F. grandifolia 1989 1979–1984 253 0.002 Diameter growth 0.0071 �0.1552

1994 1984–1989 218 0.0001 Diameter growth 0.0005 �0.2740

T. americana 1989 1979–1984 98 0.0052 Diameter growth 0.0241 �0.2474

1994 1984–1989 98 0.0001 Diameter growth 0.0165 �0.2602

Diameter 0.002 �0.3691

Fig. 3. Diameter growth rate per species. Dotted white pre-drought period (1979–1984), black drought period (1984–1989) and grey post-

drought period (1989–1994). Significant differences among periods are indicated with asterisks: �: p < 0:05, ��: p < 0:01.
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4. Discussion

4.1. Stand dynamics

As can be expected in an old-growth forest, basal

area showed no significant change during the study.

The final basal area of 33.7 m2/ha was similar to that

obtained in other old-growth forests with similar

species composition (Abrell and Jackson, 1977;

Muller, 1982; Parker et al., 1985; Martin and Bailey,

1999), but substantially lower than that from cove

forests from the Great Smoky Mountains (Busing,

1998). The difference in basal area obtained in

WCRNA by Runkle (2000), 47.3 m2/ha in 1990–

1991, is probably an artifact due to a difference in

the census techniques. Basal area diminished during

the pre-drought period, mainly due to the high rates of

mortality in the largest size class.

Species with high to moderate light requirements

(B. alleghaniensis, Betula lenta L., C. cordiformis

(Wangenh.) K. Koch, C. glabra (P. Mill.) Sweet., F.

americana, Liriodendron tulipifera L., M. acuminata,

M. fraseri Walt., Prunus serotina Ehrh., Q. prinus)

exhibited no significant changes in their proportion of

basal area in the forest (11.9–11.7%), remaining in

secondary importance in WCNRA. Their size distri-

bution became more skewed towards larger sizes than

at the beginning of the research, due to an ageing of the

trees, with low to non-existent recruitment in the entire

study period. The sapling and seedling bank, domi-

nated entirely by shade-tolerant species (Dickison,

1980; Hardt and Swank, 1997), confirms this pattern.

The prevailing conditions in WCRNA do not seem

favorable for pioneer species, despite the high mor-

tality of canopy trees (1.19%) (cf. Barden, 1980, 1989;

Runkle, 1982). Thus, the presence of pioneer species

in WCRNA most likely reflects episodes of greater

disturbance in the past. If such disturbances do not

recur, they are likely to become even scarcer.

The fate of the dominant species, all considered

shade-tolerant species (Sutherland et al., 2000)

showed different patterns. While basal area had a

significant increase for A. flava and A. saccharum

(Table 1), it decreased for T. americana and F. grand-

ifolia. This decrease was pronounced in F. grandifolia

(17.56%.), where mortality in medium and large trees

was notably high (Table 3), and was also accompanied

of a severe stem reduction. A similar pattern with

elevated mortality for larger diameters has been found

for this species in south central New York (Fahey,

1998), but does not appear in other studies (Abrell and

Jackson, 1977; Harcombe and Marks, 1983). F. grand-

ifolia is supposed to be one of the most shade-tolerant

species in this forest (even more than A. saccharum)

(Beaudet and Messier, 1998); thus an increase rather

than a decrease would be expected. Runkle (1981)

estimated that for WCNRA the number of gaps cre-

ated by F. grandifolia (39%) was higher that the

presence of the species in the canopy (24%), and it

is possible that this mortality may predate the estab-

lishment of these plots. Decrease of the importance of

F. grandifolia in old-growth forests is not unusual in

most of the forests studied (see Runkle, 2000 for a

review). Various factors have been blamed for this

decrease, including the expansion of beech-bark dis-

ease (Fahey, 1998; McGee, 2000). Even so, such a

high mortality for F. grandifolia does not appear in

other studies (Glitzestein et al., 1986; Batista et al.,

1998), and under these conditions its future role in the

forest is uncertain.

In contrast to F. grandifolia, A. saccharum basal

area increased continuously through the study period.

This increase in old-growth forests has been repeat-

edly reported (Abrell and Jackson, 1977; Parshall,

1995; Runkle, 2000, but see Woods, 2000). Several

ideas are posed to explain this phenomenon. The most

plausible seems the increase in drought periods, to

which A. saccharum is more resistant and resilient

(Parshall, 1995; but see Fahey, 1998). T. americana

decreased in the pre-drought period census due to

mortality in large trees, and it did not recover in the

study period, although stem density did. The increase

in basal area for A. flava was significant throughout the

period, mainly because of the low mortality of larger

trees, despite the decrease in stem density.

The forest dynamics in this study are consistent

with the gap dynamic model. Pioneer species grew

into larger size classes with little to none recruitment,

and are expected to disappear, unless perturbations

occur. However, contrasting patterns appear in shade-

tolerant species, therefore predicting future dynamics

is difficult, since shade tolerance, although being

necessary is not enough to ensure dominance. Further-

more, the gap model is an intrinsically spatial model:

growth is enhanced in gaps created by dying trees. In

the current analyses, we have no assessment of the
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importance of actual canopy gaps; it is possible that

increased growth is linked to increased light caused by

the decreased vigor of the canopy.

4.2. Patterns of mortality

Mortality was higher during drought, and had a

significant decrease after it. Mortality was also depen-

dent on species and size class. Decreasing dominants

(F. grandifolia and T. americana) showed U-shaped

size-mortality curves with higher mortality rates for

small and big trees, whereas A. saccharum and A.

flava, both increasing, showed L-shaped patterns with

a monotonic decrease in mortality with size increase.

However, diameter growth was better predictor

for survivorship than diameter size. In this sense,

Nakagawa et al. (2000) mentioned that mortality

became less size dependent during drought. Slow

growing trees may be suffering higher stress rates

and therefore be more likely to be killed by an addi-

tional stress as drought (Fahey, 1998; Pedersen, 1998).

Our data support this hypothesis since size was inclu-

ded in two of the stepwise models for the post-drought

period, but in none during drought.

4.3. Effect of drought on growth

Surprisingly, diameter growth showed a maximum

increase during the drought period. This result was

unexpected since drought is expected to reduce tree

vigor, as higher mortality for the drought period

indeed reflects. High mortality in the pre-drought

and drought periods could explain this observation.

Reduced density enhances growth of survivors, as the

resources available increase, due to a reduction in

symmetric competition. According to this hypothesis,

growth increase should be evenly distributed among

all size classes. However, the decrease in diameter

growth during drought appears in the largest size class,

whereas there is a general increase in diameter growth

among all species in the smaller size classes.

A reduction in asymmetric competition seems a

more plausible explanation. Drought may produce an

increase in light penetrating the canopy, most directly

through mortality of canopy trees (thus creating gaps),

but also in a more indirect way by decreasing diameter

growth of survivors and reducing leaf area (Waring,

1987). Under these conditions an increase in diffuse

light and an increased frequency of sunflecks would

ameliorate the conditions under the canopy. In the low

light of the understory, light is expected to be even

more limiting than water, so in most cases an increase

in light is expected to increase diameter growth.

Moreover, smaller size and canopy protection reduces

water requirements and drought damage (van Hees,

1997; Garcı́a-Plazaola and Becerril, 2000), giving

understory trees some advantage in drought resistance.

After the drought period, when dominant trees recover

their initial diameter growth rates, shading increases

again and a reduction of growth occurs for the smaller

trees. As expected, this effect is more pronounced in

the smallest size class, which is presumably under

more severe light restrictions.
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Ximénez, C., San Martı́n, R., 2000. Análisis de Varianza con

Medidas Repetidas. Ed. La Muralla, Madrid.

148 J.M. Olano, M.W. Palmer / Forest Ecology and Management 174 (2003) 139–148


	Stand dynamics of an Appalachian old-growth forest during a severe drought episode
	Introduction
	Methods
	Study site
	Field methods
	Data analysis

	Results
	Stand density and basal area
	Recruitment
	Mortality
	Diameter growth

	Discussion
	Stand dynamics
	Patterns of mortality
	Effect of drought on growth

	Acknowledgements
	References


