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Abstract

The National Guard Training Center at Fort Indiantown Gap (NGTC-FIG) near Harrisburg, PA, has experienced frequent

fires since the 1950s on the ridges and 1980s in the valleys as a result of military training exercises. This represented a unique

opportunity to investigate the role of recent and repeated fire in oak (Quercus) forests in the eastern USA. We investigated four

frequently burned and two unburned sites replicated in ridge and valley ecosystems. Burned sites generally had lower tree

density and a higher proportion of overstory oak species (64–92% relative importance value) than unburned stands (47–49%

importance). Oak saplings averaged 875 ha�1 in burned forests and 31 ha�1 in unburned forests. Red maple (Acer rubrum, L.),

the most aggressive oak replacement species in the eastern USA, had overstory importance of 7% and 24% in burned and

unburned stands, respectively. Oak saplings ranged from 824 to 1545 ha�1 in three of the four burned stands and 0–62 ha�1 in the

unburned stands. Oak sapling density was only 62 ha�1 one recently (2002) burned stand where fire had not resulted in reduced

tree density; this stand had the highest tree density of all sampled stands. There were no red maple saplings in three of the four

burned stands. Oak saplings were most abundant when overstory density was less than 400 trees/ha and understory tree density

was less than 200 trees/ha. When overstory or understory tree density exceeded 400 and 200 trees/ha, respectively, oak

regeneration was virtually absent. The results of this study suggest that periodic fire often reduces overstory and understory stand

density and promotes successful regeneration of relatively shade intolerant oak species in the eastern USA. However, high tree

density in forests will retard the development of oak understories and subsequent recruitment, even if periodic burning occurs.
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1. Introduction

Oak (Quercus) forests of the eastern USA have

persisted in a relatively stable state for the last 8000

years (Webb, 1988; Delcourt et al., 1984; Foster et al.,
.
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2002).Witness tree data has shown that oak was nearly

ubiquitous in the central Appalachians at the time of

initial European contact, and that shade tolerant, late

successional species were typically present only at low

levels (Abrams and Ruffner, 1995; Black and Abrams,

2001; Cogbill et al., 2002; Whitney and DeCant,

2003). It was hypothesized that periodic, low intensity

surface fires were necessary for the development and

maintenance of oak forests during the pre-settlement

era (Abrams, 1992; Lorimer, 2001; Brose et al., 2001).

Analysis of fossilized charcoal from lake sediments

supports the assertion that fires were common in some

oak dominated areas during the pre-settlement era

(Clark and Royall, 1996; Parshall and Foster, 2002;

Foster et al., 2002), although not all oak forests

contained abundant charcoal (Clark et al., 1996). The

few studies of fire scars from old-growth oak forests in

eastern oak forests also showed frequent fires in the

pre-settlement era, with estimated fire return intervals

of 4–20 years (Buell et al., 1954; Dey and Guyette,

2000; Shumway et al., 2001).

Although oaks are still prevalent in forest

overstories throughout much of the region, in the last

century advance oak regeneration has become rare as

more shade tolerant species such as red maple (Acer

rubrum, L.), black birch (Betula lenta, L.), blackgum

(Nyssa sylvatica, Marsh, var. sylvatica) and black

cherry (Prunus serotina, Ehrh.) have become abun-

dant in the understory (Abrams and Nowacki, 1992;

Abrams and Downs, 1990; Alerich, 1993; Steiner

et al., 2004). This competing understory vegetation

likely plays an important role in the regenerative

failure of oak. Oaks are characterized as having low to

intermediate shade tolerance (Barnes and Wagner,

1981), and a ‘‘sapling bottleneck’’ is often observed in

shaded conditions where oak seedlings are unable to

survive after their acorn energy reserves are exhausted

(Lorimer, 1981; Pubanz et al., 1989; Nowacki et al.,

1990). The tendency of oak to divert much of its

photosynthate to taproot establishment during the

seedling stage compounds the bottleneck problem in

shaded conditions (Crow, 1988). Successful oak

advance regeneration is now primarily relegated to

dry, low quality sites where competitive pressure is

low (Abrams, 1992; Nowacki and Abrams, 1992;

Orwig and Abrams, 1994; Collins and Carson, 2004).

It has been hypothesized that recent fire suppres-

sion efforts are responsible for the observed composi-
tional shift away from fire-adapted species (Abrams,

1992; Lorimer, 1993). The few existing studies of

wildfires in eastern oak forests report that burned areas

supported higher proportions of oaks and more

abundant oak reproduction than unburned control

sites, bolstering the oak-fire hypothesis (Brown, 1960;

Swan, 1970). This evidence, coupled with growing

concern over the future of oak forests led many to

consider prescribed fire as a means of ecosystem and

oak restoration (Abrams, 1992; Baker, 1994; Ford

et al., 1999; Blake and Schuette, 2000; Brose et al.,

2001). However, most prescribed fires in this region

have resulted in little or no benefit to oak regeneration

(Wendell and Smith, 1987; Arthur et al., 1998;

Kuddes-Fischer and Arthur, 2002). The general failure

of prescribed fire to benefit oak has been attributed in

part to the remarkable sprouting ability of key

competitors such as red maple. Few oaks small

enough to sprout effectively were present in forest

understories prior to burning, whereas small non-oaks

of sprouting size were abundant (Weigel and Johnson,

1998). Also, decades of fire suppression have

apparently allowed oak competitors to grow to a size

where they are resistant to moderate surface fires

(Harmon, 1984), and most prescribed fires failed to

kill many trees. More success has been reported when

prescribed fire is preceded by silvicultural treatments

such as shelterwood harvests that open up the canopy

and enable oak seedlings to establish in the understory

(Loftis, 1990; Brose et al., 1999). After oak seedlings

have re-established, the prescribed fire is conducted to

stimulate oak sprouting and to suppress more fire-

sensitive competitors.

The forests at the National Guard Training Center

at Fort Indiantown Gap (NGTC-FIG) near Harrisburg,

PA, offer a unique opportunity to investigate the

effects of repeated fire on central Appalachians

forests. An abundance of ignition sources and a lax

fire suppression policy have resulted in multiple fires

in parts of NGTC-FIG during the past 70 years.

Consequently, many NGTC-FIG forests have devel-

oped and matured in a fire regime resembling that

thought to have dominated the landscape historically.

Most fires originated in the ‘‘impact area’’, a restricted

access zone where training exercises often include use

of live ammunition. When fires have escaped the

impact area, they were not immediately suppressed,

but were allowed to burn until they reached a firebreak
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such as a road or a ridgeline where they could more

easily be stopped. Within burned blocks, fire has been

allowed to behave naturally, creating a unique

opportunity to document the effects of multiple fires

in eastern oak forests.

The objective of this research is to document the

impacts of forest structure on regeneration, composi-

tion and density in frequently burned versus unburned

forests in the central Appalachian Mountains. Military

personnel were particularly interested in maintaining

oak cover because of oak’s adaptation to disturbance

and resistance to injuries incurred during military

training exercises.
2. Study area

This research was conducted at the National Guard

Training Center at Fort Indiantown Gap, located in

Lebanon and Dauphin Counties in south central

Pennsylvania (Fig. 1). NGTC-FIG lies across the

southern-most extent of the Ridge and Valley

physiographic province, a region of northeast to

southwest oriented ridges that run from Tennessee to

southern New York State. The climate at NGTC-FIG

is described as humid continental (Zercher, 2002).

Average annual temperature is 10 8C for the region,
Fig. 1. Map of the northeastern USA showing the location of Fort

Indiantown Gap and study sites in relation to Fort Indiantown Gap

boundaries. RU: unburned ridge; RB1, RB2: burned ridge; VU:

unburned valley; VB1, VB2: burned valley.
with average temperature during the winter ranging

between �7 and 19 8C and temperatures during the

summer ranging between�2 and 30 8C. January is the
coldest month with an average minimum and

maximum of �7 and 4 8C, respectively, while July

and August are the hottest months of the year with an

average maximum of 31 8C and an average minimum

of 16 8C. Total annual precipitation averages 107 cm

with around 60% of precipitation falling during the

growing season (April–October). High average pre-

cipitation occurs in May at 11.2 cm, while a low of

6.3 cm fall during February (Zercher, 2002).

The ‘‘training corridor’’ at NGTC-FIG consists of

the south-facing slope of SecondMountain, the north-

facing slope of BlueMountain, and the valley that lies

between. The valley was formed from the more easily

weathered shales and siltstones, while the ridges

formed from the more resistant shales, sandstones,

and conglomerates (USDA 1981). The soils of the

ridge sites used in this study are of the Laidig and

Buchanan series (mesic Typic and Hydric Fragidults,

respectively), derived in colluvium from sandstone,

siltstone or shale. These very deep soils are most often

found in gently sloping areas on lower slopes or

mountain terraces, and are characterized as well

drained to very well drained. This soil series is not

generally suitable for agriculture and most areas

remain forested. Soils of the valley sites are of the

Leck Kill and Bedington series (Typic Hapudults),

derived in residuum from red shale, siltstone or

sandstone (USGS Soil Survey Maps). These series

occur on convex uplands and hill sideslopes, and are

characterized as moderately deep to very deep, well-

drained soils derived from residuum. A majority of

Leck Kill and Bedington soils have been cleared for

agriculture, and the remainder is in woodland or other

uses.
3. Methods

3.1. Site selection

Field reconnaissance in the fall and spring of 2003

and examination of historic aerial photographs helped

to identify potential stands for inclusion in this study.

Burned sites were observed on two landform types: in

valley floor locations and on the south-facing ridge
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slope of Second Mountain. One unburned control and

two burned stands were located in each landform type

(Fig. 1). Stand selection was based on several criteria:

all of similar age (50–60 years old), slope < 15% and

no sign of human disturbances such as logging or

bivouacking. An attempt was made to locate paired

burned and unburned sites in close proximity (e.g.

within 200 m) with similar origins. However, only one

such pair was located; ridge stands RU and RB1 are

separated by a dirt road that apparently has served as a

firebreak, preventing the spread of fire from RB1 into

RU (Fig. 1).

3.2. Reconstruction of stand fire histories

Ten to 20 fire-scarred trees were located within

each study stand. A basal cross-section or wedge was

obtained from each tree, and was brought back to

Penn State University and were dried and sanded with

increasingly finer sand paper. The samples were

examined for signature years to help identify missing,

partial or false rings (Stokes and Smiley, 1996).

Signature years are years in which radial growth

shows an abrupt decrease across all samples, and are

often associated with years of extreme drought or

disturbance. Two signature years were used to cross-

date the samples, 1962, a drought year, and 1977, a

year of heavy gypsy moth damage. After annual rings

were counted and cross-dated, the year of each fire

scar was recorded and used to assemble a fire record

for each tree (Smith and Sutherland, 1999; Shumway

et al., 2001). Most scars were located between the

latewood of the prior year’s growth and the earlywood

of the following year and appear to have occurred

during the dormant season. The fire scar data were

then combined to create figures showing fire

occurrence in each stand.

3.3. Vegetation sampling

Eight to twenty 0.02 ha fixed-area plots were

placed at 20–30 m intervals along transects through

the forest interior of each stand. The number and

arrangement of plots depended on the size and shape

of the stand. Within each plot, all trees >7.6 cm dbh

were inventoried and data collected on species,

diameter, crown class, vigor and presence of cat face

(an open basal wound). Saplings and seedlings were
counted in nested circular plots of 9 and 5 m2,

respectively. Saplings were classified as tree species

<7.6 cm dbh but >1.45 m in height. Seedlings were

all trees <1.45 m in height.

3.4. Data analysis

Interspecific differences in tree injury were

quantified using T-tests for proportions based on

presence or absence of open wounds (catfaces).

Significance was determined using the Tukey family

error rate (Tukey, 1949). Trees from the four burned

sites were pooled in order to increase sample size. To

quantify patterns of oak regeneration, oak sapling

counts were converted to presence/absence format and

then compared to understory (suppressed trees)

density and overstory density and basal area using

logistic regression. Saplings were placed into three

functional groups (oak: oak spp., tolerant: blackgum,

serviceberry (Amalanchier spp.) and red maple;

intolerant: black locust (Robinia pseudoacacia, L.),

black birch, sassafras (Sassafras albidum (Nutt.)

Nees), Pine (Pinus spp.) and black cherry) to illustrate

sapling distribution in response to overstory and

understory tree densities.
4. Results

All study stands on the ridge and valley initiated

during the period 1938–1953 following stand-repla-

cing or near-stand replacing fires and/or timber

harvests. Since initiation, stands VU and RU have

not burned, while stands VB1, VB2, RB1 and RB2

have all experienced at least three major fires (Table 1;

Fig. 2). In burned stands, scarlet oak (Quercus

coccinea, Muenchh.), black oak (Quercus velutina,

Lam.), white oak (Quercus alba, L.) and chestnut oak

(Quercus prinus, L.) had fewer catfaces (open

wounds) than the less fire resistant sassafras, black

birch and red maple (Table 2). Valley stands

overstories were typically dominated by white oak,

scarlet oak, chestnut oak, black oak and red maple

(Table 3). In contrast, ridge stands were overwhel-

mingly dominated by chestnut oak, followed by

scarlet oak and red maple. The presence of chestnut

oak in the valley stands is due to soils derived by shale,

siltstone or sandstone, and the lack of limestone.
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Table 1

Characteristics of the fire record and sample areas at Fort Indiantown Gap, PA, USA

Stand Area

(ha)

No. of

samples

Time period 1850–1953 1954–2004

No. of

years

with fires

No. of

major

firesa

Mean

FRI

(years)

Interval

for FRI

No. of

years

with fires

No. of

major

firesa

Mean

FRI

(years)

Interval

for FRI

RU 2.4 10 1850–2003 1 1 – – 0 0 – –

RB1 1.3 10 1876–2003 1 1 – – 3 3 6 1979–1991

RB2 2.2 20 1881–2003 3 3 31 1881–1953 5 4 4.6 1988–2002

VU 1.2 10 1940–2003 0 0 – – 0 0 – –

VB1 1.9 10 1943–2003 1 1 – – 4 4 2.7 1984–1992

VB2 2.1 10 1941–2003 0 0 – – 3 3 4 1982–1990
a >25% of samples scarred.

Fig. 2. (a and b) Fire scar records obtained from cross-sections in burned and unburned valley and ridge stands at Fort Indiantown Gap in eastern

PA, USA. Horizontal lines represent the visible growth rings for each tree, and vertical bars represent fire scars.
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Table 2

Proportion of trees with catfaces (open injuries) in burned stands at

Fort Indiantown Gap

n Proportion of catfaces

Acer rubrum 62 0.71 a

Sassafras albidum 26 0.50 a,b

Betula lenta 60 0.45 b

Nyssa sylvatica 27 0.44 b,c

Quercus alba 121 0.31 c

Quercus coccinea 77 0.18 d

Quercus velutina 36 0.17 d

Quercus prinus 256 0.14 d

Values with the same letters (a–d) are not statistically different at the

0.05 level of significance.
Mixed-oak species dominated the larger diameter

classes of the unburned valley stand (VU), while the

more mesophytic red maple and blackgum dominated

the smaller diameter classes (Fig. 3). Importance value

of oak in this stand was less than 50%, due mostly to

high red maple density (Table 3). The cross-sections

collected from stand VB1 indicate that it initiated

following a fire in 1941; a second fire occurred in 1953

(Fig. 2). Most cross-sections had pith dates of 1953,

but several individuals initiated in 1942 and one of

these had a 1953 fire scar. VB1 has also experienced

major fires in 1984, 1986, 1990 and 1992, with mean

fire return interval (FRI) of 2.7 years for the period

(Table 1). The diameter distribution of VB1 is bell-
Table 3

Tree density (trees/ha), basal area (m2/ha) and relative importance values

VU VB1

Density Basal area IV Density

Quercus alba 61.8 3.80 11.7 204.3

Quercus coccinea 24.7 2.42 6.4 128.5

Quercus prinus 105.0 7.63 19.0 0.0

Quercus rubra 0.0 0.00 0.0 9.9

Quercus velutina 37.1 3.78 10.2 112.0

Acer rubrum 216.2 7.72 27.0 3.3

Amalanchier spp. 6.2 0.07 1.2 0.0

Betula lenta 24.7 0.59 3.7 0.0

Nyssa sylvatica 30.9 0.25 4.4 0.0

Pinus strobus 6.2 0.17 1.3 0.0

Pinus virginiana 0.0 0.00 0.0 0.0

Prunus avium 0.0 0.00 0.0 3.3

Prunus serotina 43.2 3.32 8.5 13.2

Sassafras albidum 12.4 0.59 3.0 0.0

Tsuga canadensis 24.7 0.46 3.5 0.0

Total 593.1 30.80 100 474.4
shaped rather than positively skewed as in VU (Fig. 3).

Oak dominated every size class, and shade tolerant/fire-

sensitive species were uncommon. Total oak impor-

tancevalue exceeded 94% in this stand (Table 3).Cross-

sections from stand VB2 showed recruitment dates

from the early 1940s. Like VB1, this stand experienced

a fire-free period following stand initiation. No fire

scars were found until the early 1980s, after which at

least three fires occurred, in 1982, 1985 and 1990,

resulting in a mean FRI of 4 years (Table 1). VB2 has a

bell-shaped diameter distribution similar to VB1, and

oak dominated all size classes (Fig. 3). However, VB2

has more shade tolerant species present in the smaller

diameter classes, including red maple and blackgum,

than seen in stand VB1. Total oak importance value in

stand VB2 was 81.1% (Table 3).

According to aerial photographs, stands RU and

RB1 were part of an uninterrupted forest stand in

1952. Tree ring data show that the oldest trees in both

stands originated around 1845 (Fig. 2). No fire scars

were found in any of the cross-sections obtained from

these stands until 1952, when both stands experienced

a fire severe enough to scar many of the approximately

100-year-old chestnut oaks present at the time.

Sometime between 1952 and 1956, a road was

constructed between the two stands. Following the

road construction, RB1 experienced fires in 1979,

1983 and 1991, while RU has been free of fire (Fig. 2).
(IV) for valley stands at Fort Indiantown Gap

VB2

Basal area IV Density Basal area IV

8.27 36.4 161.4 9.21 38.7

8.68 30.9 49.4 3.23 17.5

0.00 0.0 52.7 4.37 17.7

0.54 2.3 0.0 0.00 0.0

5.88 25.0 16.5 1.36 7.2

0.11 1.2 46.1 0.98 10.7

0.00 0.0 0.0 0.00 0.0

0.00 0.0 0.0 0.00 0.0

0.00 0.0 26.4 0.47 6.6

0.00 0.0 0.0 0.00 0.0

0.00 0.0 6.6 0.17 1.6

0.06 1.1 0.0 0.00 0.0

0.40 3.1 0.0 0.00 0.0

0.00 0.0 0.0 0.00 0.0

0.00 0.0 0.0 0.00 0.0

23.94 100 359.1 19.79 100
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Fig. 3. Diameter distributions for unburned (VU) and burned valley stands (VB1 and VB2) at Fort IndiantownGap. Quve:Quercus velutina, Qual:

Quercus alba, Quru:Quercus rubra, Qupr:Quercus prinus, Quco:Quercus coccinea, Nysy:Nyssa sylvatica, Bele:Betula lenta, Acru:Acer rubrum.
Large numbers of chestnut oak, red maple and

black birch accounted for the high stem density in

stand RU. Several large individuals >30 cm dbh,

mostly chestnut oaks, contributed greatly to the high

basal area in this stand (Table 4).

RB1 had lower stem density than stand RU

(Table 4). Of all the major species, only scarlet oak
had more stems in stand RB1 versus RU. Most black

birch and red maple were concentrated in rocky

patches. Chestnut oak had the highest importance in

this stand, and overall oak importance was 63.7%

(Table 4). Stand RB2 had several very large chestnut

oaks and red oaks that were clustered on a rocky

boulder field. Fire occurred in 1890 and 1900, soon
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Table 4

Tree density (trees/ha), basal area (m2/ha) and relative importance values (IV) for ridge stands at Fort Indiantown Gap

RU RB1 RB2

Density Basal area IV Density Basal area IV Density Basal area IV

Quercus alba 9.9 0.09 1.9 2.5 0.02 1.1 0.0 0.00 0.0

Quercus coccinea 7.4 0.16 1.5 27.2 0.68 8.9 46.9 1.57 9.1

Quercus prinus 210.0 20.83 37.1 111.2 14.83 51.5 469.5 15.65 49.8

Quercus rubra 34.6 0.81 5.7 2.5 0.08 1.2 29.7 1.19 5.4

Quercus velutina 19.8 0.52 2.7 2.5 0.02 1.1 24.7 0.68 4.9

Acer rubrum 244.6 4.69 21.7 17.3 0.49 5.9 91.4 1.29 10.9

Betula lenta 190.3 2.65 16.3 61.8 1.81 16.0 79.1 1.51 8.3

Betula populifolia 4.9 0.07 0.6 0.0 0.00 0.0 0.0 0.00 0.0

Cornus florida 0.0 0.00 0.0 0.0 0.00 0.0 2.5 0.02 0.5

Nyssa sylvatica 27.2 0.43 4.3 9.9 0.28 3.2 37.1 0.57 5.6

Pinus strobus 2.5 0.60 1.1 0.0 0.00 0.0 0.0 0.00 0.0

Pinus virginiana 0.0 0.00 0.0 2.5 0.07 1.1 0.0 0.00 0.0

Populus tremuloides 2.5 0.14 0.6 0.0 0.00 0.0 0.0 0.00 0.0

Robinea pseudoacacia 0.0 0.00 0.0 2.5 0.14 1.3 0.0 0.00 0.0

Sassafras albidum 24.7 0.28 3.7 7.4 0.07 2.5 44.5 0.59 5.5

Tsuga canadensis 9.9 1.32 2.8 9.9 1.82 6.4 0.0 0.00 0.0

Total 788.3 32.58 100 257.0 20.30 100 825.3 23.06 100

Table 5

Mean seedlingdensity (seedlings/ha) for stands atFort IndiantownGap

VU VB1 VB2 RU RB1 RB2

Quercus alba 0 2225 577 0 0 0

Quercus coccinea 0 2471 0 0 0 0

Quercus prinus 1082 0 742 9579 6551 1298

Quercus rubra 0 0 82 742 927 309

Quercus velutina 927 5768 2966 309 371 62

Acer rubrum 2009 7168 5603 20394 5624 2287

Amalanchier spp. 155 247 82 0 0 0

Betula lenta 464 124 577 62 3523 0

Betula populifolia 0 0 0 247 0 0

Catanea dentata 0 0 82 62 185 0

Creteagus spp. 155 247 0 0 0 0

Nyssa sylvatica 1236 124 0 247 433 124

Pinus rigida 0 124 0 0 0 0

Pinus strobus 0 0 0 62 185 0

Pinus virginiana 0 0 742 0 62 0

Prunus serotina 10815 6261 1318 247 556 62

Prunus virginiana 0 0 0 0 124 0

Robinea

pseudoacacia

0 0 0 0 62 0

Sassafrass albidum 464 3542 0 494 5747 4697

Tsuga canadenesis 0 0 0 62 185 0

Vitis riparia 0 371 0 0 0 0
after stand establishment (Fig. 2). No fire scars were

recorded between 1900 and 1952. Many of the smaller

trees recruited following a fire in 1953. RB2 had

additional fires in 1986, 1991, 1996 and 2000 (Fig. 2).

RB2 has high tree density, with oak species

dominating all diameter classes (Fig. 4). Substantial

numbers of red maple and black birch were found

primarily on rocky patches. Oak importance was

69.2% in this stand (Table 4).

Seedling density was highly variable and was

largely uncorrelated with recent fire history (Table 5).

First year germinates were included in seedling

density counts, and thus patterns of seedling distribu-

tion were likely strongly influenced by small-scale

differences in germination conditions and/or seed

source availability.

Sapling regeneration in unburned stands was

sparse, consisting primarily of red maple, blackgum,

black cherry and black birch. In these stands, oak

saplings were rare (RU) or absent (VU) (Table 6).

Saplings were also uncommon in stand RB2, which

had both the highest tree density and the most recent

fire (2002). Oak saplings were abundant in stands

RB1, VB1 and VB2, and many had attained heights of

3 m or more since the last fires. Oak regeneration was

patchy in these stands, with oak saplings only found in

areas of low canopy and sub-canopy tree density.
When all plots were included, logistic regression

showed both overstory and understory density be

significant predictors ( p = 0.0052 and 0.0115, respec-

tively) of oak sapling presence/absence. Logistic
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Fig. 4. Diameter distributions for unburned (RU) and burned ridge stands (RB1 and RB2) at Fort Indiantown Gap. Note different y-axis scale for

RB1. Quve: Quercus velutina, Qual: Quercus alba, Quru: Quercus rubra, Qupr: Quercus prinus, Quco: Quercus coccinea, Nysy: Nyssa

sylvatica, Bele: Betula lenta, Acru: Acer rubrum.
regression predicted oak sapling presence correctly

79% of the time based solely on overstory and

understory tree density, an improvement over random

(50% correct). When overstory or understory tree

density exceeded 400 and 200 trees/ha, respectively,

oak regeneration was virtually absent, as was
regeneration of other shade intolerant trees (Fig. 5).

Shade tolerant species showed less of a relationship

between tree density and presence/absence. When

only stands VB1, VB2 and RB1 were included in the

analysis, the only significant predictor of oak sapling

presence was overstory tree density ( p = 0.008). In



S.A. Signell et al. / Forest Ecology and Management 218 (2005) 146–158 155

Table 6

Mean sapling density (saplings/ha) for stands at Fort Indiantown

Gap

Species VU VB1 VB2 RU RB1 RB2

Quercus spp. 0 1236 824 62 1545 62

Quercus coccinea 0 0 0 0 62 0

Quercus prinus 0 0 0 0 618 62

Quercus alba 0 247 82 0 0 0

Quercus velutina 0 989 742 62 865 0

Non-Quercus 309 865 82 494 2410 62

Acer rubrum 155 247 0 62 0 0

Betula lenta 0 0 0 185 865 0

Castanea dentata 0 0 0 0 185 0

Nyssa sylvatica 0 0 0 247 0 62

Pinus virginiana 0 0 82 0 0 0

Prunus serotina 155 618 0 0 0 0

Robinea

pseudoacacia

0 0 0 0 742 0

Sassafras albidum 0 0 0 0 618 0

Total 309 2101 906.4 556.2 3955 123.6
these stands, logistic regression predicted oak sapling

presence correctly 65% of the time.
Fig. 5. Mean sapling density in relation to (a) overstory and (b)

understory tree density of plots in burned and unburned stands at

Fort Indiantown Gap. Tolerant saplings include Acer rubrum, Ama-

lanchier spp. and Nyssa sylvatica; intolerant saplings include Betula

lenta, Prunus serotina, Sassafras albidum, Robinea pseudoacacia

and Castanea dentata.
5. Discussion

Frequently burned stands typically had a higher

percentage of oak in the overstory and as understory

saplings. One reason for this difference is that

competitors such as red maple, sassafras and black

birch sustained significantly greater fire-related injury

(catfaces) than oaks, and presumably experienced

higher mortality rates. Fire has thinned the burned

NGTC-FIG stands to the advantage of oak, which is

better represented in the smaller diameter classes in

burned stands than in unburned stands where small

oaks were absent (VU) or uncommon (RU). Because

oak develops resistance to fire more quickly than most

competitors (Harmon, 1984), the fact that fire

commenced fairly early in stand development was

likely vital to the increased importance of oak in these

stands. Understory density in these stands fell within

the ranges reported in Midwestern oak forests before

the fire suppression era, where small stem (5–10 cm)

densities were 16–20 stems/ha (Schnur, 1937) and 44–

64 ha�1 (Gevorkiantz and Scholz, 1948).

Despite fires, non-oaks were present in burned

stands, particularly in the 15–20 cm size classes. The
25–35 year fire-free period that followed stand

initiation was apparently long enough for some stems

to develop resistance to fire. This fire-free period

meets or exceeds the estimate of Harmon (1984) for

the time required for species such as red maple to

develop enough resistance so that half the stems will

be able to survive moderate surface fires.

Despite repeated fire, stand RB2 had high tree

density and a quasi inverse-J diameter distribution

similar to the unburned sites, indicating that less fire-

induced thinning had occurred there than in other

burned stands. Tree density was comparable to the

unburned sites; however, in RB2 oaks accounted for

the majority of stems in all size classes, suggesting

that the genus dominated from early in stand

development. A high proportion of fire-adapted oaks

would have made the stand more fire-resistant than

stands of in a similar stage of development but with a
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smaller oak component. RB2 had at least two fires in

the late 1800s, which could have increased oak

dominance by removing fire-sensitive competitors. In

contrast, cross-sections taken from stands RB1 and

RU show no evidence of fire during the period from

1845 to 1941, and these stands had more red maple

and black birch than RB2.

Oak regeneration was much more abundant in

burned stands VB1, VB2 and RB1 than reported in

other studies of oak forests in the region (Abrams and

Downs, 1990; Abrams and Nowacki, 1992; Ruffner,

1995; Steiner et al., 2004). For example, in 52 mature

Pennsylvania State Forest stands, mean oak sapling

density (>1.22 m in height) was only 155.7 ha�1

(Steiner et al., 2004). Oak had little sapling competi-

tion in stands VB1 and VB2, and continued oak

dominance into the foreseeable future seems likely.

Non-oak saplings were more abundant in RB1

(Table 5), but of these, black birch is the only species

present that is capable of competing with oak in the

long run. Black locust and sassafras are typically

short-lived and small statured (Burns and Honkala,

1990), and American chestnut (Castanea dentata,

Marsh.) has been relegated to understory status by

chestnut blight. Oak is therefore well positioned to

maintain dominance in this stand, perhaps with black

birch as a minor component.

Fire in pre-settlement oak forests probably aided

oak recruitment by removing understory competitors

(Abrams, 1992; Lorimer, 1993). Our data support this

idea with the caveat that the overstory must also be

thinned sufficiently in order for oak to regenerate

successfully. Oak saplings were more abundant in

burned stands, with the notable exception of RB2.

However, while oak seedlings were present in most

plots, oak saplings were only found in areas of low

canopy and sub-canopy tree density. When overstory

or understory tree density exceeded 400 and 200 trees/

ha, respectively, oak saplings were virtually absent.

Most plots in RB2, RU and VU exceeded one or both

of these density thresholds, which may help to explain

the relative lack of oak saplings in these stands. In

stands RB1, VB1 and VB2, all plots but one had

understory density less than 200 ha�1. In these stands,

oak sapling distribution was largely determined by

overstory rather than understory density, with saplings

largely restricted to canopy gaps and other areas of

low overstory density.
6. Conclusion

Oaks are often replaced by more shade tolerant

species if they are not present in sufficient numbers in

the understory prior to a canopy disturbance (Sander,

1971; Abrams and Downs, 1990; Loftis, 1990; Steiner

et al., 2004). Low overstory density is required for the

maintenance of high densities of large oak reproduction

(Larsen et al., 1997). Prior to European settlement, oaks

grew successfully in uneven-aged forests over the long

term (Orwig and Abrams, 1995; Abrams et al., 1997;

Shumway et al., 2001; Rentch et al., 2003). Although

there is no reliable source of data regarding tree density

in pre-settlement central Appalachian oak forests,

estimates of closed-canopy Midwestern oak forests at

the time of European contact rarely exceed 250 trees/ha

(Kline and Cottam, 1979; Rodgers andAnderson, 1979;

Leitner and Jackson, 1981). A regime of frequent, low

intensity fire that kills occasional trees or groups of trees

was thought to have perpetuated oak as a gap-phase

species (Cottam, 1949; Kline and Cottam, 1979;

Lorimer, 1993; Abrams, 1992). The results of this

study suggest that fires stimulate advance oak regen-

eration only when they reduce both understory and

overstory density. In canopy gaps of sufficient size, oak

saplingsmay rapidly ascend to canopy status, creating a

multi-aged standwhere cohorts are spatially segregated.

Alternatively, oak saplings in areas of sufficiently low

tree density may grow slowly and ascend to canopy

status upon the demise of the current overstory. Periodic

fire typically reduces overstory and understory stand

density and promotes successful regeneration of

relatively shade intolerant oak species in the eastern

USA. However, high tree density in forests will retard

the development of oak understories and subsequent

recruitment, even if periodic burning occurs.
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