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Herbivory and Fire Influence White Oak
(Quercus alba L.) Seedling Vigor

A.S. Adams and L.K. Rieske

ABSTRACT.  We manipulated arthropod and mammalian herbivory levels on white oak seedlings using
a combination of insecticide applications and fencing and employed a split-split-plot design to assess
the impact of single- and multiple-year burns on seedling growth over a 2 yr period. Herbivory levels
increased over time on all sites, but there was no significant difference in herbivore pressure on
seedlings in single-year burned, multiple-year burned, and nonburned plots. Insecticide-treated
seedlings suffered less herbivore pressure than did noninsecticide treated seedlings, and mammalian
herbivory was significantly reduced by the presence of a fence. Seedling height growth, shoot
elongation, diameter growth, and specific leaf mass were greatest on once-burned sites, intermediate
on twice-burned sites, and least on nonburned sites. Bud expansion was the only seedling performance
parameter unaffected by burn treatment. Arthropod feeding was the greater component of overall
herbivory, but this herbivory did not impede seedling growth. Seedling height growth and shoot
elongation were more closely linked to mammalian herbivory. These results suggest that the observed
herbivory may play a negligible role, and prescribed fire may be a beneficial component of a
management program designed to enhance oak regeneration. FOR. SCI. 47(3):331–337.
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F IRE SUPPRESSION BECAME THE DOMINANT forest man-
agement strategy following the clearcutting of
deciduous forests of eastern North America in the

mid-1800s. This practice caused a shift in forest stand
composition to more vigorous and shade-tolerant species
(Delcourt and Delcourt 1998). As a consequence, slower
growing species such as oaks, (Quercus spp.), were sup-
pressed. This shift in oak-dominance has resulted in the
decline of an extremely valuable hardwood group. Lack of
oak regeneration also changes forest succession patterns
and shifts wildlife composition and distribution. Studies
of oak regeneration suggest that fire suppression may be
the causal factor (Gammon et al. 1960, Beck and Hooper
1986, McGee and Loftis 1986, Lorimer 1989).

Consequently, the use of prescribed fire as a manage-
ment tool to enhance oak regeneration has received re-

newed interest. Thick bark, sprouting ability, and resis-
tance to rot after scarring all give the oak an advantage
over other hardwoods in the presence of fire (Lorimer
1985), and reduced competition and increased sunlight
allow oaks to thrive in burned forests (Carvell and Tyron
1961, Clark 1970, Gottschalk 1985, Muick and Bartolome
1987). Competitors may resprout after a single fire, but
many are suppressed by repeated burning (Lorimer 1985,
Arthur et al. 1998).

In addition to suppressing competition and increasing
light penetration, prescribed fire increases nutrients in the
soil (Reich et al. 1990), potentially influencing plant vigor
and foliar chemistry. These changes alter the nutritional
status of seedlings (Reich et al. 1990), and their suscepti-
bility to mammalian and arthropod herbivory (Dudt and
Shure 1994, Hunter and Schultz 1995).
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Oaks at all stages of development are subject to arthro-
pod and mammalian herbivory. Several arthropod species
feed on oak seedlings including members of Coleoptera,
Hymenoptera, Lepidoptera, Orthoptera, Homoptera, and
Hemiptera (Galford 1986, Linit et al. 1986, Galford et al.
1991a,b). As many as 92% of surface-lying acorns in
mixed mesophytic forests may be destroyed by insects
(Galford et al. 1991a), and insect herbivory can cause up
to 91% seedling mortality (McPherson 1993).

Reducing natural herbivory levels enhances seedling
growth and vigor (Marquis and Whelan 1994). Herbivory
changes plant carbon distribution, altering foliar quality and
susceptibility to further herbivory (Wold and Marquis 1997).
Fire could impact herbivore populations directly by changing
insect species composition and abundance, habitat alteration,
and disruption of the herbivore life cycle (Siemann et al.
1997). Changes in foliar characteristics can indirectly affect
herbivore success by eliciting an accumulation of foliar
nutrients and a reduction of plant defenses (Haukioja et al.
1990). Conversely, alterations in foliar characteristics may
result in a depletion of foliar nutrients and an increase in
defensive compounds.

We studied the interaction among fire, white oak (Quercus
alba) seedling growth, and herbivory. Specifically, we as-
sessed the effects of prescribed fire on oak seedling suscep-
tibility to arthropod and mammalian herbivory and linked
these effects to seedling growth characteristics.

Materials and Methods

This study was conducted in oak-dominated forests of the
Daniel Boone National Forest (eastern Kentucky) during the
1998 and 1999 growing seasons. The region is characterized
by dry ridge tops of oaks and pines (Pinus spp.), interspersed
with mesic coves. Study sites were established with the
following treatments: (1) single-year (1×) burn, areas burned
in early spring of 1998, (2) multiple-year (2×) burn, areas
burned in early spring of 1996 and 1998, and (3) nonburned
controls (CN), areas with no recent history of fire. Each burn
site was adjacent to a nonburned control site (Table 1).
Because our site treatments were generated from a combina-
tion of prescribed and wild fires, full descriptions of fire

characteristics are lacking. However, the majority of pre-
scribed fires in the region are cool surface burns with flame
length less than 90 cm, which consume only the previous
years’ organic layer.

Treatments were assigned in a split-split-plot design, with
blocking at the site (burn treatment) level. For herbivory
manipulation and assessment of seedling growth, we located
three plots of four white oak seedlings within each site. We
defined a seedling as a small white oak, appearing less than
several years old from aboveground investigation and aver-
aging 11.5 cm in height. Seedlings in the burned sites had top-
killed to the ground line and had produced the current year’s
growth prior to identification.

Herbivory
Seedlings within each plot were randomly designated

for manipulation of arthropod and mammalian herbivory.
A combination of insecticide (I) and fencing (F) treat-
ments were designed to exclude: (1) arthropod and verte-
brate herbivores (insecticide/fence, +I/+F), (2) vertebrate
herbivores (no insecticide/fence, –I/+F), (3) arthropod
herbivores (insecticide/no fence, +I/–F), and (4) no herbi-
vores (no insecticide/no fence, –I/–F), such that each
seedling in a plot received a unique treatment for her-
bivory. The synthetic pyrethroid cyfluthrin (Tempo 2 ,
Bayer Corp. Agric. Div., Kansas City, MO) was applied to
specified seedlings (+I) using a handheld spray bottle at a
concentration of 35 µl ai/100 ml of water at 14 day
intervals. Fencing (+F) consisted of wire tomato cages (35
cm height × 30.5 cm diameter) enclosed with 2.5 × 0.5 cm
chicken wire imbedded in the ground and surrounded at
the base by 15 cm metal flashing.

We made observations on seedling herbivory every 14
days beginning  June  2, 1998 and  May 5, 1999, and ending
in late September in both seasons, using the same seed-
lings both years. Herbivory was visually assessed for the
entire seedling, incorporating all pertinent feeding guilds,
including chewing (leaf tissue removal), skeletonization
(removal of leaf cuticle, leaving a network of veins), and
stippling (disruption of leaf cuticle) damage. Herbivory
data were collected as percent leaf area affected, and
correlated with oak seedling performance.

Seedling Growth
Growth measurements on the herbivory manipulated

seedlings included height, shoot elongation, stem diam-
eter, bud expansion, and leaf elongation. Measurements
were made on June 10, July 1, July 29, and September 25
in 1998 and on March 2, April 17, April 24, May 5, June
1, June 30, and July 27 in 1999. Seedling height was
measured from a predetermined basal stem mark to the tip
of the leading branch. Shoot elongation was measured
from the previous year’s terminal node to the end of the
branch. Stem diameter was the average of two basal
measurements at a predetermined point near the root
collar, taken in 1998 and 1999. The above parameters were
analyzed as relative growth rates (RGR), where RGR =
ln(final measure) – ln(initial measure)]/(time2 – time1)
(Hunt 1990).

Table 1.  Burn regimes of experimental sites used to assess
interactions between fire and herbivory in the Daniel Boone
National Forest in eastern Kentucky, 1998 and 1999. One
nonburned control (CN) site1 accompanied both the once- (1×××××)
and twice-burned (2×××××) sites.

1 One nonburned control site bordered both twice-burned sites in McCreary Co.
2 Site treatment produced by wildfire.
3 Site treatment produced by prescribed fire.

Site location County Treatment
Date of most
recent burn

Livingston2 Rockcastle 1× April 4, 1998

Morehead
North2

Rowan 1× March 27, 1998

Morehead
South3

Rowan 1× April 6, 1998

Stearns East3 McCreary 2× April 2, 1998

Stearns West3 McCreary 2× April 2, 1998

Mt. Victory3 Pulaski 2× April 6, 1998
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Seedling bud expansion of the first two bud clusters
opening in 1999, starting March 31 and extending to May
12, was ranked as: (0) dormant buds, dark and oval, (1)
buds lighter brown, oval and swollen or pointed, (2) buds
with scales expanded, green tissue visible between bud
scales, (3) buds containing a red tip or with leaves visible
but not expanded, (4) leaves clearly extending beyond the
bud scales, but still pink or red; leaf expansion initiated,
but leaves remained hard and deeply grooved, or (5) leaves
completely open and spread, characterized by a vertically
drooping, greening leaf (Kolb and Teulon 1991).

Within each plot, 20 seedlings were designated for de-
structive sampling for specific leaf mass measurements in
both 1998 and 1999. Sampling of five randomly chosen
seedlings occurred at approximately 21 day intervals in 1998
(June 2, June 16, July 8, and July 29) and in 1999 (May 27,
June 10, June 30, and July 20). Sampling dates for the
warmer 1999 spring were adjusted by degree-day accumu-
lations. Leaves were cut, packed, and sealed in wet paper
towels, stored on ice, and returned to the laboratory.
Foliage was measured immediately for leaf area (LI-3100
Area Meter, LI-COR, Inc., Lincoln, NE) and fresh weight.
After a minimum of 6 days drying at 40°C, dry weights were
recorded and specific leaf mass (g/m2) was calculated.

Statistical Analysis
All statistical models were based on a split-split-plot

design, with seedling treatment (insecticide application and
fencing) blocked within site (burn) treatment. Herbivory was
recorded as percent leaf area affected, averaged among plots
within each site, and averages were transformed as (log + 1).
Due to the complexity of the split-split-plot repeated mea-
sures design, a split-split-plot fixed effects model was used to
analyze herbivory data. Both models gave equal results,
therefore the simpler fixed effects analysis was used. Fixed
variables included seedling treatment, burn treatment, and
time. Data were analyzed using PROC MIXED (SAS Insti-
tute 1997) with the model employing up to four factors in the
interaction term. This application automatically selects the
appropriate error term with which to test for significance,
often leading to variable degrees of freedom for the same data
set. All pairwise comparisons were made using the least
significant difference (LSD) test.

Analysis of height growth, shoot elongation, and diameter
growth incorporated one relative growth measurement within
a split-split-plot design, and each plot within sites was treated
as a replicate. Bud expansion was treated similarly to the
herbivory data, with individual plot measures treated as
replicates. Specific leaf mass analysis used a split-block
design, with blocking at site.

Results

Herbivory
There were no significant differences in seedling her-

bivory levels between burn treatments for either 1998 (F2,8 =
0.97; P = 0.42) or 1999 (F2,7 = 0.05; P = 0.95). Overall
herbivory levels increased as the seasons progressed, and
were significantly higher in 1998 than in 1999 (Table 2),
although initial herbivory levels were similar each year.

Insecticide and fencing treatment combinations signifi-
cantly reduced herbivory each year, with variability be-
tween years. Insecticide treated (+I) and fenced (+F)
seedlings received significantly less damage than
nontreated seedlings (–I and –F) (Table 3). Of the insecti-
cide-treated seedlings, those that were not fenced (+I/ –F)
suffered herbivore pressure approaching that of

Table 2.  Cumulative percent herbivory (Mean ± SE) on Q. alba seedlings over time across burn regimes in the Daniel
Boone National Forest in eastern Kentucky, 1998 and 1999. Total herbivory was averaged for each seedling treatment
(I/F) within each site on each sample date. Means (± SE) within rows followed by the same letter are not significantly
different (LSD, P > 0.05). Standard errors were calculated on nontransformed data.

Sample Time 1998 1999 Pr > F/Fdf

Overall 10.96 (0.93)a 5.06 (0.93)b 0.0005/F1,15 = 19.81
1 Early June 4.51 (0.48)a 3.42 (0.65)a 0.07/F1,23 = 3.61
2 Mid June 5.92 (0.49)a 3.44 (0.61)b 0.002/F1,23 = 13.07
3 Early July 7.98 (0.95)a 4.16 (0.63)b 0.003/F1,23 = 11.43
4 Mid July 10.75 (1.14)a 4.90 (0.71)b 0.0002/F1,23 = 19.65
5 Late July 10.71 (1.01)a 5.29 (0.70)b 0.0006/F1,23 = 15.50
6 Mid Aug 10.04 (0.96)a 5.61 (0.73)b 0.003/F1,23 = 11.14
7 Late Aug 12.96 (1.34)a 5.70 (0.76)b 0.0001/F1,23 = 20.42
8 Mid Sept 16.08 (1.69)a 6.48 (0.83)b 0.0001/F1,23 = 23.15
9 Late Sept 19.65 (2.16)a 6.51 (1.09)b 0.0001/F1,23 = 33.82

Table 3.  Cumulative percent herbivory (Mean ± SE) on Q. alba
seedlings across burn regimes in the Daniel Boone National
Forest in eastern Kentucky, 1998 and 1999. Total herbivory was
averaged for each seedling treatment (I/F) within each site on
each sample date. Means (± SE) within column groups followed
by the same letter are not significantly different (LSD, P > 0.05).
Standard errors were calculated from nontransformed data. The
term column symbolizes the presence or absence of the effect: –
represents the absence and + represents the presence of treat-
ment.

Effect Term Mean (± SE) Pr > F/Fdf

Insecticide – 10.25 (0.80)a
+ 5.76 (0.79)b 0.0001/F1,55 = 50.34

Fence – 8.75 (0.79)a
+ 7.26 (0.79)b 0.01/F1,55 = 7.23

Interaction –/– 10.18 (0.93)ab
    (I/F) –/+ 10.47 (0.93)b

+/– 7.45 (0.93)c
+/+ 4.11 (0.93)d 0.03/F1,28 = 4.91
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noninsecticide treated seedlings, resulting in a significant
insecticide by fencing interaction.

In 1998, insecticide treated seedlings (+I) suffered less cumu-
lative herbivory throughout the season than did noninsecticide
treated seedlings (–I) (Figure 1A, F1,346 = 93.92; P < 0.0001).
Mammalian herbivory was also significantly reduced in 1998 by
the presence of a fence (+F) (F1,346 = 32.99; P < 0.0001). In
addition, there was a significant insecticide by fencing interac-
tion (F1,346 = 26.97; P < 0.0001) caused by herbivory increases
in three of the four seedling treatments: insecticide treated,
unfenced seedlings (+I/–F), no insecticide, fenced seedlings
(–I/+F), and untreated seedlings (–I/–F).

In 1999, insecticide applications significantly affected
herbivory levels (Figure 1B, F1,26 = 20.91; P < 0.0001), but
fencing did not (F1,26 = 1.08; P = 0.31). Arthropod herbivory
was suppressed by insecticide applications (+I), but seed-
lings that were not treated with insecticide (–I) experienced
a steady increase in herbivory over time (F10,380 = 7.81; P <
0.0001).

Seedling Growth
Height growth differed significantly among all three site

(burn) treatments (Table 4). Seedlings in the 1× burn sites had
the greatest height growth, while seedlings in the nonburned
control sites had the least. Shoot elongation between site
treatments (Table 4) showed similar trends to height growth.
Shoot elongation was greatest in the 1× burn treatment and
was significantly greater than seedlings in the nonburned
control (LSD pairwise comparison; P < 0.001). There was no
significant difference in shoot elongation between 1× and 2×
burn sites, and no significant difference between 2× and
nonburned controls.

Diameter growth was significantly greater in the 1×
burns than the controls in 1998 (Table 4, LSD pairwise
comparison; P < 0.005), but there were no differences in
diameter growth between 1× and 2× burns or 2× burns and
nonburned controls. In 1999, seedlings on burned sites had
significantly greater diameter growth than did seedlings
on nonburned sites (Table 4), but there was no significant
difference in diameter growth between seedlings in the 1×
and 2× burns.

Seedling specific leaf mass (g/m2) did not differ among
site treatments (1×, 2×, and nonburned controls) in 1998 and
between 1× and 2× burns in 1999 (Table 4). However, in 1999
seedlings in 1× burn sites had a greater specific leaf mass than
those in nonburned controls (LSD pairwise comparison; P <
0.01). Specific leaf mass increased over time in both 1998
(Figure 2A) and 1999 (Figure 2B), with a site treatment by
date interaction (F6,90 = 6.65; P < 0.0001) in 1998.

There were no differences in bud expansion among site
treatments (data not shown). There were significant interac-
tions on bud expansion between site treatment and insecti-
cide application, site treatment and fencing (Table 5), and site
treatment and time (Figure 3, F22,1360 = 2.43; P = 0.0002).

There were no differences in height growth due to
insecticide application. However, fenced seedlings showed
significantly greater increases in height growth. Effects on
shoot elongation due to seedling treatment mirror the

Figure 1.  Cumulative percent herbivory (Mean ± SE) on Q. alba
seedlings treated for herbivory manipulation for (A) 1998 and (B)
1999. Total herbivory was averaged for each seedling treatment
(�, –I/–F; ▼, –I/+ F; �, +I/–F; ■ , +I/+F) for each site, where –I = no
insecticide application, +I = insecticide application, –F = no fencing,
and +F = fencing for treatment combinations. Standard errors
were calculated on nontransformed data.

Table 4.  Growth of Q. alba seedlings on once-burned (1×××××), twice-burned (2×××××), and nonburned control (CN) sites in the
Daniel Boone National Forest in eastern Kentucky. Means (± SE) within rows followed by the same letter are not
significantly different (LSD, P > 0.05).

1 Relative growth rate: [ln(final measure) – ln(initial measure)]/(time2 – time1)

Burn Treatment

Seedling growth 1× 2× Control Pr > F/Fdf

Height1 (cm) 1999 0.016 (0.002)a 0.009 (0.009) b 0.004 (0.002) c 0.0001/F2,26 = 14.5
Shoot elongation1 (cm) 1999 0.169 (0.009)a 0.146 (0.008)ab 0.130 (0.007)b 0.03/F2,7 = 6.0
Stem diameter1 (mm) 1998 0.037 (0.006)a 0.025 (0.006)ab 0.018 (0.006)b 0.01/F2,3 = 18.23
Stem diameter1 (mm) 1999 0.008 (0.002)a 0.008 (0.002)a 0.001 (0.002)b 0.007/F2,27 = 6.1
Specific leaf mass (g/m2) 1998 45.54 (2.45)a 40.94 (2.51)a 39.54 (1.90)a 0.22/F2,5 = 2.02
Specific leaf mass (g/m2) 1999 45.53 (1.76)a 41.79 (1.76)ab 37.35 (1.53)b 0.03/F2,7 = 6.24
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height measurements, in which no shoot elongation differ-
ences were detected due to insecticide application, but
were detected due to fencing (Table 6).

Seedlings treated with insecticide had significantly less
diameter growth than those which received no insecticide
application in 1998 (Table 6). Diameter growth on insecti-
cide-treated and nontreated seedlings was equivalent in 1999.
There were no differences in diameter growth due to fencing
in either 1998 or 1999.

Table 5. Interaction of once-burned (1x), twice-burned (2x), and nonburned (CN) sites with respect to budbreak and
seedling treatments (insecticide or fencing) in the Daniel Boone National Forest in eastern Kentucky, 1999. Means
(± SE) within columns followed by the same letter are not significantly different (LSD, P > 0.05).

Effect Site treatment I (+/–) Bud development stage (± SE)

Treatment × insecticide 1× – 3.24 (0.20)b

1× + 2.76 (0.20)c

2× – 3.58 (0.21)a

2× + 3.33 (0.21)b

CN – 3.14 (0.18)bc
CN + 3.45 (0.18)ab

(Pr < F/F2,1360 = 25.46; P < 0.0001)

F (+/–)
Treatment × fence 1× – 3.14 (0.20)b

1× + 2.85 (0.20)c

2× – 3.63 (0.21)a

2× + 3.28 (0.21)b

CN – 3.30 (0.18)b
CN + 3.29 (0.18)b

(Pr < F/F2,1360 = 5.22; P=0.006)

Figure 2.  Specific leaf mass (Mean ± SE, g/m2) of Q. alba seedlings
on once-burned (1×××××, �), twice-burned (2×××××, ▼) and nonburned
control (CN, �) sites in the Daniel Boone National Forest in
eastern Kentucky in (A) 1998 and (B) 1999.

Buds of seedlings receiving insecticide or fencing (+I or
+F) expanded slower than those not receiving insecticide
applications or fencing (–I or –F) (Table 7). There were
significant interactions between insecticide and site (burn)
treatment, fencing and site (burn) treatment, and insecticide
and fencing and site treatment (data not shown), implying
that bud expansion was influenced by factors other than our
seedling treatments.

Discussion

Arthropod and mammalian herbivory did not vary among
once-burned, twice-burned, and nonburned control sites
in either year of the study, contrary to Moreno and Oechel
(1991), Stein et al. (1992), Prada et al. (1995), and Viera
et al. (1996). The similarity in herbivore pressure between
burned and nonburned sites suggests that fires on these

Figure 3.  Bud expansion on Q. alba seedlings on once-burned
(1×××××, �), twice-burned (2×××××, ▼) and nonburned control (CN, �)
sites in the Daniel Boone National Forest in eastern Kentucky.
Bud expansion was measured within a ranking system consisting
of scores of 0–5, with 0 corresponding to a dormant bud and 5
corresponding to a bud containing expanded leaves.
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sites had little direct effect on herbivore populations. In
addition, the lack of differences in herbivory levels among
site treatments suggest that fire had minimal indirect
effects on herbivory.

Seedlings receiving insecticide treatments had signifi-
cantly less damage than those receiving no insecticides in
1998 and 1999 (Table 3); arthropod herbivory was the
primary component of overall herbivory (Table 3). How-
ever, in 1998 mammalian herbivory was greater in un-
fenced seedlings receiving insecticide applications. The
differences in mammalian herbivory between 1998 and
1999 (Figure 1), as well as overall herbivory between
years, may be due to limited activity of arthropod and
mammalian herbivores in the drought in 1999. Annual
rainfall in 1999 was the lowest in Kentucky since 1963
(University of Kentucky, Agricultural Weather Center
1999).

Seedling growth (height, shoot elongation, diameter,
and specific leaf mass) was greatest on once-burned sites,
intermediate on twice-burned sites, and least on nonburned
control sites (Table 4). Our data support Brose and VanLear
(1998), who found that fire improves oak seedling sur-
vival, oak stem form, and height growth. The decline in
growth of white oak seedlings on our twice-burned sites is
consistent with similar studies (Beck 1970, Arthur et al.
1998, Brose and VanLear 1998). While this decline in
growth of twice-burned oak seedlings is significant, mul-
tiple burns result in greater damage to oak competitors
(Reich et al. 1990, Kruger and Reich 1997a,b, Arthur et al.
1998) and enhanced oak regeneration.

Bud expansion was unaffected by fire, in contrast to
Mullins et al. (1995) who predicted that released seedlings

on once- and twice-burned sites should exhibit later
budbreak, and therefore slower bud expansion. Interac-
tions were significant between site (burn) treatment and
time, site treatment and insecticide application, site treat-
ment and fencing, as well as a significant three-way
interaction between site treatment, insecticide applica-
tion, and fencing, indicating that budbreak is a complex
process influenced by many factors.

Seedling growth was unaffected by herbivory levels
(Table 7). Differences in herbivory due to insecticide
application suggest that arthropods were the predominant
herbivores attacking white oak seedlings. However, ar-
thropod herbivory did not harm seedling growth. Seedling
height growth and shoot elongation were greater on fenced
seedlings than on unfenced seedlings, suggesting that
mammalian herbivory may be the more important factor
affecting seedling survival. Increased height growth and
shoot elongation in fenced treatments may be a response to
decreased disturbance, increased heat due to sunlight re-
flection, and shelter from wind.

This is the first study to investigate the interactions
between fire and herbivory in oak-dominated forests of
eastern North America. With the vast number of insects
which feed on oak trees, determining the impact that
herbivory has on oak recruitment into the mid- and upper
canopy may be important. Our study indicates that her-
bivory, in the short term, does not impact seedling vigor,
while single- and multiple-year fire increases oak seedling
growth. These findings suggest that herbivore/ seedling
relationships should not influence management decisions
on these or similar sites with respect to the use of pre-
scribed fire for enhancing oak regeneration.

Table 6.  Relative growth rates of Q. alba seedlings receiving insecticide and fencing treatments to manipulate
herbivory levels in the Daniel Boone National Forest in eastern Kentucky. Means (± SE) within rows followed by the
same letter are not significantly different (LSD, P > 0.05).

1 Relative growth rate: [ln(final measure) – ln(initial measure)]/(time2 – time1)

Seedling growth Seedling treatment
(RGR)1 Insecticide (10–3) No insecticide (10–3) Pr > F/Fdf

Height (cm/cm/wk) 8.9 (1.3)a 10.6 (1.2)a 0.27/F1,75 = 1.23
Shoot elongation (cm/cm/wk) 147.0 (5.7)a 15.0 (5.5)a 0.66/F1,83 = 0.20
Stem diameter 1998 (mm/mm/wk) 24.5 (5.7)a 28.3 (5.7)b 0.03/F1,93 = 4.73
Stem diameter 1999 (mm/mm/wk) 5.8 (1.3)a 5.3 (1.3)a 0.75/F1,83 = 0.10

Fence (10–3) No fence (10–3) Pr > F/Fdf

Height (cm/cm/wk) 13.6 (1.3)a 5.9 (1.3)b 0.0001/F1,77 = 23.88
Shoot elongation (cm/cm/wk) 15.6 (5.6)a 14.0 (5.6)b 0.01/F1,81 = 6.74
Stem diameter 1998 (mm/mm/wk) 27.0 (5.7)a 25.8 (5.7)a 0.51/F1,91 = 0.45
Stem diameter 1999 (mm/mm/wk) 5.4 (1.3)a 5.6 (1.3)a 0.89/F1,83 = 0.02

Table 7.  Average bud expansion rank (± SE) on Q. alba seedlings receiving insecticide and fencing treatments to
manipulate herbivory levels in the Daniel Boone National Forest in eastern Kentucky, 1999. Means (± SE) within rows
followed by the same letter are not significantly different (LSD, P > 0.05).

1 Seedling treatment of insecticide or fencing.
2 Untreated seedlings.

Treatment Application1 Control2 Pr < F/F1,1360

Insecticide 3.18 (0.14)a 3.32 (0.14)b 0.004/F = 8.25
Fence 3.14 (0.14)a 3.36 (0.14)b 0.0001/F = 20.18
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