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Prescribed fire is often used in upland oak forests to achieve objectives related to woodland restoration or
oak regeneration. While not uncommon for prescriptions to include repeated burning at short fire return
intervals, long-term frequent fire effects in hardwood forests have rarely been quantified. We describe
the effects of over 60 years of repeated prescribed burning on stand structure and composition in a
Missouri Ozark oak-hickory forest. Data were collected in 2010 and 2013 from 40 � 40 m plots arranged
in a randomized complete block design with two blocks and three treatments: an unburned control (Con-
trol), annual prescribed fire (Annual; one-year fire return interval), and periodic prescribed fire (Periodic;
four-year fire return interval). In 2013, the diameter distribution of the Control was an exponential decay,
whereas those in both burn treatments were unimodal. Repeated prescribed burning, especially at four-
year fire return intervals, reduced overstory density and canopy cover and shifted overstory composition
from a mixture of white oak species, red oak species, and hickories to primarily white oak species.
Although small-diameter stems were top-killed on Periodic plots, resprouting created a dense mid-story
of small stature saplings. In contrast, Annual plots were virtually void of woody seedlings and saplings.
There was no apparent tree recruitment on either Annual or Periodic plots. The abundance, richness,
diversity, and evenness of the understory plant community were greater on the burned plots than on
the Control plots, with forbs dominating the Annual plots and woody species dominating the Control
plots. Periodic plots included a mixture of forbs and woody species, and graminoids were not common
in any plots. Understory species richness per square meter was nearly three times greater on both burn
treatments relative to the Control. Our results indicate that long-term, repeated prescribed burning can
approximate woodland conditions. However, the lack of tree recruitment suggests that periods without
fire are critical for replacing overstory trees. Moreover, additional treatments such as mechanical thin-
ning may be important for modifying the understory environment to benefit graminoids or for reaching
management objectives on desirable timescales.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

There is extensive evidence of the historic role that fire has
played in shaping the structure, composition, and function of past
and contemporary forests, woodlands, and savannas of the temper-
ate United States (e.g., Delcourt and Delcourt, 1998; Brose et al.,
2001; Shumway et al., 2001; Guyette et al., 2006; McEwan et al.,
2007; Nowacki and Abrams, 2008; Stambaugh et al., 2011, 2014).
Often, changes to historic fire regimes followed patterns of anthro-
pogenic influence that included periods of increased burning and
periods of fire suppression (Brose et al., 2001; Guyette et al.,
2002). In the Ozark region of Missouri and Arkansas, historic mean
fire intervals have been estimated to be as frequent as 3.5 years
(range 1.5–6.8 years) in the mid to late 1800s (Guyette et al.,
2002). An extended period of fire suppression during the
1900s is believed to have disrupted previously established fire
regimes, resulting in changes to forest composition and structure
(Hanberry et al., 2014). Recognition of the role that fire plays in for-
est dynamics has led to the contemporary use of prescribed burn-
ing to achieve specific management objectives, with two common
objectives for prescribed burning in the central and eastern U.S.
including woodland restoration and promoting oak regeneration.

Woodlands and savannas were once more common than they
are today in the central U.S., with fire suppression considered to
be a contributing factor in their succession to closed-canopy for-
ests (Nuzzo, 1986; Batek et al., 1999; Frost, 2006; Nowacki and
Abrams, 2008; Hanberry et al., 2012). Repeated surface fires can
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create or maintain characteristics commonly associated with
woodlands or savannas, including discontinuous canopy cover, an
open vertical profile without dense mid-story vegetation, and an
abundant understory of graminoids and forbs (Taft, 1997;
Peterson and Reich, 2001; Nelson, 2004). Woodlands and savannas
provide unique habitats for many wildlife species, and the reduc-
tion and fragmentation of such habitats have affected the viability
of animal populations that rely on them (Walters, 1991; Russell
et al., 1999; Davis et al., 2000). Moreover, fire-maintained ecosys-
tems often support high levels of floristic diversity in the herba-
ceous understory (e.g., Walker and Peet, 1984; Kirkman et al.,
2001, 2004). Thus, prescribed burning is currently considered an
important management practice for conservation and restoration
of woodland ecosystems (Brawn et al., 2001; Van Lear et al.,
2005; Mitchell et al., 2006).

In eastern hardwood forests, prescribed burning is also com-
monly used to promote oak regeneration, especially on mesic sites
that support the rapid growth of competing species (Abrams, 1992;
Barnes and Van Lear, 1998; Brose et al., 1999; Arthur et al., 2012;
Hutchinson et al., 2012; Brose et al., 2013). Generally, oaks are con-
sidered to be more fire-tolerant than many of their common com-
petitors because of their vigorous sprouting ability, thick bark,
adaptation to relatively xeric conditions, and improved acorn ger-
mination on seedbeds prepared by fire (Abrams, 1992; Arthur
et al., 2012). In a recently published meta-analysis of 32 studies,
Brose et al. (2013) reported that oaks generally exhibited greater
rates of sprouting than mesophytic species, grew at similar rates
as competitors following fire, and established in higher densities
on burned sites than on unburned sites. Multiple burns may be
needed to provide oak regeneration with a sufficient competitive
advantage over other regenerating woody species (Barnes and
Van Lear, 1998; Hutchinson et al., 2005b, 2012; Brose et al.,
2013), but prescriptions for promoting oak often also include a
fire-free period to allow for recruitment to the canopy (Brose
et al., 1999; Arthur et al., 2012).

There have been many studies on the effects of fire on hard-
wood ecosystems in the central and eastern U.S. but few that have
extended beyond 25 years (but see Peterson and Reich, 2001;
Peterson et al., 2007; Stratton, 2007). In contrast, there have been
several long-term (>35 years) experimental studies to determine
the impacts of fire frequency and/or seasonality on ecosystem
responses in pine habitats of the southeast (Waldrop et al., 1992;
Brockway and Lewis, 1997; Haywood et al., 2001; Glitzenstein
et al., 2003). Results from previous studies consistently support
the use of frequent burning for woodland management. Given
the dissimilarities of hardwood and pine-dominated ecosystems,
such as characteristics of fuel inputs from canopy trees (i.e., broad
leaves vs. needles) and patterns of plant physiology, it remains
unclear if long-term, frequent prescribed burning in hardwood for-
ests will result in similar outcomes as those reported in pine
ecosystems.

The current study was initiated in 1949 to quantify the effects
of prescribed fire in an oak-dominated forest in southeastern Mis-
souri, with original interest in describing frequent burning prac-
tices that were considered damaging to forests (Paulsell, 1957).
This study has been maintained since its inception and is unique
in its time depth, providing rare experimental data on the effects
of >60 years of frequent prescribed fire in hardwood forests. Our
objectives were to describe the effects of long-term prescribed
burning at different fire return intervals (no fire, annual burning,
and burning at four-year fire return intervals) on: (1) forest stand
structure and composition; (2) tree regeneration and recruitment
patterns; and (3) characteristics (abundance, richness, diversity,
evenness, and composition) of the understory plant community.
Specifically, we were interested in evaluating how sustained fire
return intervals affect characteristics associated with oak
woodlands and patterns of oak regeneration. We hypothesized that
frequent prescribed burning for >60 years would create conditions
associated with woodland ecosystems, including a relatively open
canopy, a two-layer vertical structure comprised of the canopy lay-
er and the understory vegetation, and a species-rich understory
dominated by herbaceous vegetation. We also hypothesized that
frequent prescribed burning for >60 years would favor oak species
in the regeneration layer but would limit oak recruitment due to
repeated dieback of saplings.
2. Methods and materials

2.1. Study site and experimental design

Study sites were located at the University Forest Conservation
Area in Butler County, MO (�36� 540 N, 90� 190 W) within the Black
River Ozark Border subsection of the Ozark Highlands ecological
section of southeastern Missouri (Nigh and Schroeder, 2002). A
randomized complete block design was used, with one block estab-
lished in 1949 and a second block established in 1951. Soils in the
study area are generally described as moderately well-drained,
upland soils formed in loess, with a fragipan that impedes drainage
at a moderate depth. Soils on both study blocks had silt loam tex-
tures from loess at the surface, but soils in study Block 2 had silty
clay loam texture from 13 to 64 cm, underlain by cherty limestone
residuum (Graves, 1984). Slopes throughout the study area were
3–8%. Since 1949, mean annual temperature at the Wappapello
Dam climate station (36� 550 N, 90� 17’ W; approximately 8 km
from the study site) was 14.4 �C, with a mean of 26.5 �C in the
warmest month (August) and a mean of 0.9 �C in the coolest month
(January). Mean annual precipitation was 113 cm and was
distributed approximately evenly throughout the year.

Each block consisted of six plots, and each plot measured
40 � 40 m, with a 10 m buffer around all sides (Fig. 1A). The study
included three treatments that were each randomly assigned to
two plots in each block: an unburned control (Control); annual
prescribed fire (Annual; one-year fire return interval); and periodic
prescribed fire (Periodic; four-year fire return interval). Treatment
application began in 1949 in Block 1 and in 1951 in Block 2, and
therefore the Periodic treatment was applied in different years
for the two blocks. All burns were conducted between March and
May by University of Missouri personnel prior to 1988 and subse-
quently by Missouri Department of Conservation (MDC) personnel.
In the Periodic plots, the most recent burns were conducted in
2007 and 2011 in Block 2 and in 2009 and 2013 in Block 1. Records
of burn conditions do not exist prior to 1997, but since that year
weather conditions were recorded on the day of burn with a porta-
ble weather station. Since 1997, the mean air temperature during
burns was 18.4 �C (standard deviation (SD) = 3.8; range of 13.8–
29.4 �C), mean relative humidity was 33.3% (SD = 12.8; range of
20–63%), and mean wind speed was 3.0 m/s (SD = 1.0; range of
1.8–4.0 m/s). Although each block included two plots for each
treatment, the two Annual plots and the two Periodic plots, if adja-
cent (Fig. 1A), were burned with a single fire crossing the buffer for
each respective treatment. Consequently, the two replicate plots
per treatment in each block were considered to be the same
experimental unit for analyses.

At the start of the study (in 1949), the area was described as a
‘‘moderately well-stocked, all-aged stand of the oak-hickory type
on an upland flatwoods’’, with no grazing in the area for the pre-
ceding 10–15 years and no fire for approximately 20 years
(Paulsell, 1957). Given the history of timber exploitation and land
use in the Ozarks (Guldin, 2008), it is likely that timber in the study
area was selectively cut at the turn of the 20th century, resulting in
a largely even-aged stand with scattered trees in the canopy left



Fig. 1. Depiction of (A) the layout of both study blocks and (B) the sampling design for the study.
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over from the logging. When the study was initiated, dominant
trees on the sites were characteristic of oak-hickory forests in this
region and included post oak (Quercus stellata Wangenh.), scarlet
oak (Quercus coccinea Muenchh.), black oak (Quercus velutina
Lam.), southern red oak (Quercus falcata Michx.), and hickories
(Carya spp.). Data collected at the onset of the study indicated simi-
lar stand composition and structure for trees >10 cm diameter at
breast height (DBH) across the study sites, with mean basal areas
of 10.9, 11.6, and 12.2 m2/ha and mean trees per hectare of 522,
494, and 602 on Control, Annual, and Periodic plots, respectively.
Understory species were reported to include poverty oatgrass
(Danthonia spicata (L.) P. Beauv. ex Roem. & Schult.), bluestem
grasses (Andropogon spp. and Schizachyrium scoparium (Michx.)
Nash), panicgrasses (Dichanthelium spp. and Panicum spp.), fra-
grant sumac (Rhus aromatica Aiton), and few forbs such as wom-
an’s tobacco (Antennaria plantaginifolia (L.) Richardson) (Paulsell,
1957).

2.2. Data collection

2.2.1. Overstory trees
In summer 2013, each overstory tree (those P 10 cm DBH)

within each experimental unit was tagged with an aluminum
tag, and the DBH, height, and species were recorded.

2.2.2. Mid-story trees and shrubs
In each plot, we sampled mid-story trees and shrubs (P1 m tall

and <10 cm DBH) from five circular sub-plots (5.65 m radius;
0.01 ha), with one sub-plot located at plot center and each of the
other four sub-plots located halfway between plot center and each
respective plot corner (Fig. 1B). In each sub-plot, we recorded DBH,
height, and species of each woody stem. For rootstocks with mul-
tiple sprouts, we recorded information on only the tallest stem and
tallied the total number of sprouts. For sub-plots with very high
stem densities (n = 4 out of 60), we reduced the sub-plot size to
0.005 ha (4 m radius) to increase sampling efficiency.
2.2.3. Canopy cover
To characterize canopy cover, leaf area index (LAI; Campbell

and Norman, 1998) was quantified using hemispherical pho-
tographs. On June 21 (Block 1) and 22 (Block 2) in 2010, hemi-
spherical photographs were taken in one of the two plots per
block using a Nikon D60 digital, single lens reflex (SLR) camera
with a Sigma 4.5 mm F2.8 EX DC circular fisheye lens. Nine pho-
tographs were taken per plot, with two along each of the four tran-
sects established for sampling understory vegetation in 2010 (see
Section 2.2.4). Photographs were taken at transect positions 2 m
and 22 m for transects 1 and 3, at positions 12 m and 32 m for tran-
sects 2 and 4 (Fig. 1B), and at one additional location near a micro-
climate station used in a companion study. For each photograph,
the camera lens pointed vertically upward, with the camera
mounted to a base that was 1.3 m above the ground. Hemispherical
photographs were analyzed using Gap Light Analyzer software
(Cary Institute of Ecosystem Studies, Millbrook, NY), which relates
gap fraction (percent open sky seen at a point versus obstructions
such as leaves) to LAI based on an inversion of Beer’s law, with the
assumption that leaves in the canopy are randomly distributed
(Stenberg et al., 1994).

2.2.4. Understory vegetation
Within each sub-plot established in 2013, we established four

1 � 1 m quadrats (n = 20 per plot), and seedlings (<1 m tall) of
woody species were tallied by species in each quadrat. Quadrats
were located 2 m from sub-plot center in each of the cardinal
directions (Fig. 1B). We determined the frequency of seedling
occurrence based on the percentage of the sampled quadrats per
plot in which at least one seedling was present. In addition, we
established four 1 � 1 m quadrats in each plot, systematically
located between the centers of the four outermost sub-plots
(Fig. 1B). In each of these quadrats, all above-ground biomass
was removed and separated as woody vegetation (trees, shrubs,
and woody vines), graminoids, and forbs. All woody biomass was
sampled, and no trees or shrubs >2 m tall were encountered within



Fig. 2. Diameter distributions (mean and one standard error) by species group for
each treatment in 2013. Note that the scales differ between the left and right y-axes.
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any of the biomass quadrats. Samples were oven-dried at 80 �C for
72 h, and dry weight was recorded by functional group.

In June 2010, foliar cover of understory vegetation was collected
by species from one of the two plots per treatment per block (the
same plots from which hemispherical photographs were taken). In
each sampled plot, four parallel transects were established 10 m
apart from each other and 5 m away from the plot boundary
(Fig. 1B). Starting at the 2 m point on each transect, 1 � 1 m quad-
rats were placed at 5 m intervals along the length of each transect,
for a total of 32 quadrats per plot. Within each quadrat, foliar cover
was recorded to the nearest percent for each species rooted inside
the quadrat, with foliar cover defined as the area of ground covered
by the vertical projection of the aerial portions of each species.
Cover was recorded 50 cm above the ground for herbaceous plants,
woody seedlings, low shrubs, and the basal portions of taller
shrubs. Cover of tree saplings and shrubs was also recorded
between 0.5 m and 2 m. Nomenclature follows Steyermark
(1963). Individuals that could not be identified to the species level
made up <1% of the cover recorded in the experimental units and
were excluded from all analyses.

2.3. Data analyses

We calculated mean values at the experimental unit-level for
overstory variables (trees per hectare (TPH), basal area, DBH, and
height), mid-story tree and shrub stem densities (TPH), canopy
cover (LAI), woody seedling densities (TPH) and frequencies, and
understory vegetation biomass, cover, richness, diversity, and
evenness. Data on canopy tree species were grouped based on
functional/taxonomic similarity: red oak species (Quercus coccinea,
Q. falcata, Q. velutina), white oak species (Q. alba L., Q. stellata),
hickories (Carya glabra (Mill.) Sweet, C. texana Buckley,
C. tomentosa (Lam.) Nutt.), other species (e.g., Cornus florida
L., Nyssa sylvatica Marshall, Ulmus alata Michx.), and snags. The
‘other species’ group was not further divided because trees in the
group contributed 65% of the composition by basal area or trees
per hectare. Mid-story tree and shrub data were separated into
small saplings (>1 m tall and <3 cm DBH) and large saplings
(3 cm 6 DBH < 10 cm) and analyzed by species. Woody seedling
data were organized into the same groups as overstory trees, with
the addition of a shrub group (e.g., Vaccinium spp., Rhus spp.). For
the 2010 understory data, species richness was calculated as the
mean number of species per 1-m2 quadrat (n = 32 per plot) and
as the number of species per 32-m2 in each experimental unit.
We calculated Shannon–Wiener’s Index of Diversity and Pielou’s
evenness for each 1-m2 quadrat as:

H ¼ �
X
½pilnðpiÞ�

E ¼ H
InðNÞ

where H is the Shannon–Wiener Index of Diversity, pi is the relative
abundance (cover) of each species, E is Pielou’s evenness, and N is
species richness. To determine the similarity in species composition
among the treatments, we calculated the Sorensen Similarity Coef-
ficient for species presence for each treatment pair:

S ¼ 2C
Aþ B

where S is the Sorensen Similarity Coefficient, C is the number of
species shared by the two samples, and A and B are the number
of species present in each respective sample.

We used mixed-model Analysis of Variance in a randomized
complete block design, with a random block effect, to test for
treatment effects on overstory metrics, mid-story stem densities,
LAI, woody seedling densities and frequencies, and understory bio-
mass, cover, richness, diversity, and evenness. Tests were run
separately for each species/functional group of interest. For each
test with a significant global effect, we used Tukey’s Honestly Sig-
nificant Difference test to determine differences among pair-wise
comparisons. Data were checked for assumptions of normality
and constant variance, and data were transformed when necessary.
We determined statistical significance when the probability of a
Type-I error was less than 0.05. We present p-values for the global
tests of significance from ANOVAs in Tables and Figures, and rele-
vant pair-wise comparisons in the text. All ANOVAs were conducted
using PROC MIXED in SAS 9.3 software (SAS Institute, Inc., Cary, NC).

We used non-metric multidimensional scaling (NMS) ordina-
tion to identify patterns in 2010 understory species composition,
and we used the non-parametric multi-response permutation pro-
cedure (MRPP) to determine significant treatment effects on com-
position (PC-ORD 6.08 software; MjM Software Design, Gleneden
Beach, OR). For each NMS ordination, we used the Bray-Curtis dis-
tance measure with random starting coordinates, 500 iterations for
each run, and a maximum of 6 dimensions. When interpreting
results from the MRPP analyses, it is important to consider the
A-statistic as well as the significance value (p-value) from the
T-statistic (McCune et al., 2002). The A-statistic describes the
within-group homogeneity of the group (e.g., treatment), with
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A = 1 when all items in the group are identical and A = 0 when the
heterogeneity in the group is equal to that expected by chance. We
used Indicator Species Analyses (PC-ORD 6.08) to identify species
associated with each study treatment. This method produces an
indicator value for each species in each group based on species
cover, and a randomization test evaluates the statistical sig-
nificance of the maximum indicator value for each species. We
ran these analyses using the cover data for each species, and, to
reduce the effects of rare species on the ordinations, we did not
include species that occurred in only one sampled quadrat per plot.
One quadrat had no species present and was omitted, resulting in a
total of 191 quadrats and 97 species included in the analyses.

3. Results

3.1. Overstory structure and composition

The diameter distribution of the unburned Control plots in 2013
exhibited an approximate exponential decay pattern (Fig. 2). The
larger diameter trees were primarily red oaks, while the peak of
the unimodal distribution of white oak species was closer to the
origin. Hickories and other species generally had diameters
<15 cm, and there were few oaks in diameter classes <10 cm. The
Annual plots had a unimodal diameter distribution that was cen-
tered on approximately 30 cm, with red oaks primarily in larger
diameter classes (mean of 35.9 cm DBH) and hickories in smaller
diameter classes (mean of 17.6 cm DBH). There were no trees in
diameter classes <10 cm in Annual plots. The diameter distribution
for the Periodic plots was similar to that of the Annual plots, with
red oaks only in diameter classes >32 cm and hickories only in dia-
meter classes <22 cm. In contrast to Annual plots, Periodic plots
had an abundance of small-diameter trees that primarily included
hickories and other species (Fig. 2).
Table 1
Mean and one standard error (SE) of trees per hectare, basal area (m2/ha), diameter at brea
and study treatment. The percent contribution of each species group is included for trees p
for treatment effects within each row, and the same superscripted letter indicates no sign

Species group Control Annual

Mean (SE) % Mean (SE)

Trees per hectare
White oaks 172 (13) 51.2 189 (17)
Red oaks 78 (6) 23.3 45 (2)
Hickories 69a (13) 20.5 14b (11)
Other 17a (2) 5.1 2b (2)
Total 335 (5) 100.0 250 (6)
Snag 36 (11) 22 (0)

Basal area (m2/ha)
White oaks 11.0 (0.7) 47.3 14.1 (1.1)
Red oaks 9.9 (0.3) 42.5 4.8 (0.5)
Hickories 2.2 (1.0) 9.4 0.4 (0.2)
Other 0.2 (0.1) 0.9 0.0 (0.0)
Total 23.2a (0.0) 100.0 19.3ab (1.4)
Snag 2.8 (1.1) 0.9 (0.3)

Diameter at breast height (cm)
White oaks 26.5 (0.1) – 29.2 (0.2)
Red oaks 38.6 (2.8) – 36.0 (2.6)
Hickories 18.1 (2.5) – 20.4 (3.6)
Other 12.3 (1.0) – 15.0 (.)
Total 26.9 (0.0) – 29.7 (0.8)
Snag 29.5 (2.6) 21.3 (3.1)

Height (m)
White oaks 17.8 (0.2) – 18.5 (0.7)
Red oaks 17.1 (2.9) – 20.0 (0.2)
Hickories 20.6 (1.2) – 15.7 (3.2)
Other 13.6 (0.1) – 6.9 (.)
Total 18.5 (0.6) – 18.4 (0.3)
Snag 16.7 (2.0) 11.1 (1.1)
There were no statistically significant treatment effects on the
total number of trees, number of white oaks, or number of red oaks
in the canopy (Table 1). However, there were significantly more
hickories (A vs. C, p = 0.021; C vs. P, p = 0.015) and trees of other
species (A vs. C, p = 0.012; C vs. P, p = 0.010) in the Control plots
relative to burned plots. Total basal area was greater in the Control
plots than in the Periodic plots (p = 0.042), with no differences
between Annual plots and either other treatment (A vs. C,
p = 0.097; A vs. P, p = 0.246). There were no significant effects of
burn treatment on either the DBH or the height of canopy trees
of any species group, despite a difference of over 7 cm in DBH
between all trees on Control plots (26.9 cm) and Periodic plots
(34.1 cm) (Table 1).

3.2. Mid-story density and composition

There were greater densities of large saplings in the Control
plots than in the Annual or in the Periodic plots (A vs. C,
p = 0.004; C vs. P, p = 0.005; Table 2). The most abundant species
in the large sapling group were Carya tomentosa, Quercus alba,
and C. texana. There were no large saplings in the Annual plots,
and only C. tomentosa, C. texana, and Q. stellata were present in
the Periodic plots. There was high variability between blocks for
many species in the small sapling class. The most abundant species
in the Control plots were C. tomentosa, Q. velutina, and Q. alba
(Table 2). The most abundant species in Periodic plots was Rhus
copallinum L., which made up 66% of the total number of small sap-
lings in the Periodic plots but only accounted for 2% of the total
number of small saplings in the Control plots. There were no small
saplings in the Annual burn plots. The only statistically significant
treatment effect that was detected was that small sapling densities
of Q. alba in the Control plots were greater than densities in the
Annual (p = 0.032) or Periodic plots (p = 0.033).
st height (cm), and height (m) of overstory trees (those >10 cm DBH) by species group
er hectare and basal area. The p-values are levels of significance from the ANOVA tests
ificant difference among pair-wise comparisons.

Periodic p-values

% Mean (SE) %

75.6 150 (88) 80.7 0.822
18.1 31 (28) 16.8 0.258
5.6 5b (5) 2.5 0.014
0.6 0b (0) 0.0 0.009
100.0 186 (55) 100.0 0.150

8 (5) 0.193

72.9 11.9 (5.4) 69.6 0.732
25.0 5.0 (4.6) 29.6 0.471
1.9 0.1 (0.1) 0.8 0.161
0.1 0.0 (0.0) 0.0 0.053
100.0 17.0b (0.7) 100.0 0.044

0.7 (0.5) 0.275

– 32.3 (2.6) – 0.196
– 43.3 (1.6) – 0.296
– 19.4 (1.6) – 0.882
– – – 0.302
– 34.1 (4.3) – 0.323

29.7 (3.9) 0.272

– 19.4 (0.8) – 0.189
– 22.2 (0.4) – 0.686
– 15.6 (.) – 0.833
– – – 0.061
– 19.8 (1.2) – 0.201

14.8 (2.2) 0.085



Table 2
Stem densities in trees per hectare (mean and one standard error (SE)) of (A) large (3 cm 6 DBH < 10 cm) and (B) small (DBH < 3 cm and height > 1 m) mid-story saplings by
species and treatment. The p-values are levels of significance from the ANOVA tests for treatment effects within each row, and the same superscripted letter indicates no
significant difference among pair-wise comparisons.

Rank Species Control Annual Periodic p-value

Mean SE Mean SE Mean SE

(A)
1 Carya tomentosa 120.3 (70.2) 0.0 (0.0) 15.0 (15.0) 0.230
2 Quercus alba 110.3a (0.0) 0.0b (0.0) 0.0b (0.0) <0.001
3 Carya texana 80.2 (60.2) 0.0 (0.0) 5.0 (5.0) 0.432
4 Sassafras albidum 40.1 (20.1) 0.0 (0.0) 0.0 (0.0) 0.200
5 Cornus florida 35.1a (5.0) 0.0b (0.0) 0.0b (0.0) 0.020
6 Fraxinus americana 25.1 (15.0) 0.0 (0.0) 0.0 (0.0) 0.265
7 Prunus serotina 25.1 (25.1) 0.0 (0.0) 0.0 (0.0) 0.500
8 Ulmus rubra 20.1 (10.0) 0.0 (0.0) 0.0 (0.0) 0.200
9 Quercus stellata 5.0 (5.0) 0.0 (0.0) 10.0 (10.0) 0.625
10 Crataegus spp. 10.1a (1.0) 0.0b (0.0) 0.0b (0.0) 0.010

Total 510.0a (0.0) 0.0b (0.0) 30.0b (30.0) 0.004

(B)
1 Rhus copallinum 30.1 (30.1) 0.0 (0.0) 853.6 (643.0) 0.371
2 Carya tomentosa 386.1 (115.3) 0.0 (0.0) 85.1 (5.2) 0.097
3 Quercus velutina 280.8 (20.1) 0.0 (0.0) 139.8 (139.8) 0.225
4 Quercus alba 215.6a (35.1) 0.0b (0.0) 5.0b (5.0) 0.027
5 Carya texana 110.3 (70.2) 0.0 (0.0) 75.1 (55.0) 0.455
6 Fraxinus americana 155.4 (105.3) 0.0 (0.0) 0.0 (0.0) 0.315
7 Sassafras albidum 130.4 (90.3) 0.0 (0.0) 15.0 (5.0) 0.349
8 Rhamnus caroliniana 70.2 (30.1) 0.0 (0.0) 0.0 (0.0) 0.155
9 Prunus serotina 55.2 (35.1) 0.0 (0.0) 0.0 (0.0) 0.288
10 Quercus stellata 10.1 (0.0) 0.0 (0.0) 25.1 (25.1) 0.568

Total 1585.4 (219.4) 0.0 (0.0) 1287.8 (905.8) 0.290
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3.3. Canopy cover

Leaf area index was greater in Control plots than in Annual
(p < 0.001) and Periodic plots (p < 0.001) and was significantly
greater in Annual plots relative to Periodic plots (p = 0.003)
(Fig. 3). Leaf area index among the sampling points in Control plots
ranged from 1.92 to 3.89, with a standard deviation (SD) of 0.49.
On the Annual plots, LAI ranged from 1.67 to 2.93 (SD = 0.27),
and on Periodic plots, LAI ranged from 1.18 to 2.07 (SD = 0.29)
among the sampling points.
Fig. 3. Box and whisker plots showing the mean (square symbol), minimum and
maximum (triangle symbol), quartiles, and standard deviation of leaf area index
(LAI) by burn treatment.
3.4. Understory vegetation

3.4.1. Woody seedling density and frequency
Total woody seedling densities were greater in Periodic plots

than in Control (p = 0.049) or Annual plots (p = 0.021) (Fig. 4A).
Among the species groups analyzed, burn treatments significantly
affected the abundance of seedlings in the red oak and shrub
species groups (Fig. 4A). Red oak seedling density was greatest in
Periodic plots (14,250 seedlings/ha) and lowest in Annual plots
(500 seedlings/ha), with Control plots (4875 seedlings/ha) differ-
ent from both of the burn treatments (A vs. C, p = 0.009; A vs. P,
p = 0.001; C vs. P, p = 0.002). Similarly, the density of shrub
seedlings was greater in the Periodic plots (23,750 seedlings/ha)
than in the Annual plots (1000 seedlings/ha) (p = 0.041) but was
similar between the Annual plots and the Control plots (5500 seed-
lings/ha) (p = 0.523). Nearly all quadrats in Periodic plots recorded
the presence of at least one seedling, and >80% of Control plots
recorded seedling presence. In contrast, <20% of quadrats
contained at least one seedling in Annual plots. Among the species
groups, seedlings in the red oak and shrub species groups were
more frequent in Periodic plots than in the Annual or Control plots
(red oak group: A vs. P, p = 0.004; C vs. P, p = 0.019 and shrub
group: A vs. P, p = 0.016; C vs. P, p = 0.029). Seedlings in the hickory
species group were more frequent in Periodic plots than in the
Annual plots (p = 0.027) (Fig. 4B).
3.4.2. Understory biomass, cover, richness, diversity, and evenness
The biomass of understory vegetation on Control plots was pri-

marily woody, while the biomass in Annual plots was primarily
herbaceous vegetation (Fig. 5). Woody biomass was greater in
the Periodic plots than in the Control plots (p = 0.035) or in the
Annual plots (p = 0.024). The herbaceous biomass was similar
between Periodic and Annual plots (p = 0.894) and was dominated
by forb species.

Treatment effects on understory vegetation cover collected in
2010 were consistent with effects on biomass collected in 2013.
There were significant treatment effects on the cover of Asteraceae
species, Fabaceae species, graminoids, trees and shrubs, all forbs
combined, all herbaceous species combined, and all woody vegeta-
tion combined (Table 3). The Annual plots had greater cover of



Fig. 4. (A) Seedlings per hectare (mean and one standard error) by species group
and study treatment and (B) frequency of occurrence (out of n = 20; mean and one
standard error) by species group and study treatment. The p-values are levels of
significance from the ANOVA tests for treatment effects for each group, and the
same letters on bars indicate no significant difference among pair-wise compar-
isons for (A) total seedling density and (B) for each respective group.

Fig. 5. Biomass of ground layer vegetation (mean and one standard error) by study
treatment and functional group (woody vegetation, graminoids, and forbs). The p-
values are levels of significance from the ANOVA tests for treatment effects for each
group, and the same letters on bars indicate no significant difference among pair-
wise comparisons for each respective group.

B.O. Knapp et al. / Forest Ecology and Management 344 (2015) 95–109 101
Asteraceae and Fabaceae species than the Control plots (p = 0.046
and p = 0.040, respectively), and cover of these species groups in
Periodic plots did not differ from the other treatments (Asteraceae:
A vs. P, p = 0.636; C vs. P, p = 0.065 and Fabaceae: A vs. P, p = 0.057;
C vs. P, p = 0.565). Forb cover was greatest in the Annual plots (A vs.
C, p = 0.014; A vs. P, p = 0.049) and was similar between the Period-
ic and Control plots (p = 0.062). Graminoid cover was not different
between Annual and Periodic plots (p = 0.279) but was greater in
burn plots than in Control plots (A vs. C, p = 0.027; C vs. P,
p = 0.050). Woody vegetation dominated the understory cover in
Control plots, but woody cover was not different between the Con-
trol plots and either burn treatment (A vs. C, p = 0.071; C vs. P,
p = 0.267). In Annual plots, woody cover contributed <5% of the
total cover and was significantly less than the woody cover in
Periodic plots (p = 0.035).

Total species richness per 1-m2 was on average over three times
greater in the burn plots than in the Control plots (A vs. C,
p = 0.003; C vs. P, p = 0.003) and close to two times greater in the
burn plots than in the Control plots at the 32-m2 scale (A vs. C,
p = 0.043; C vs. P, p = 0.025) (Table 4). Total species richness was
similar between the Annual and the Periodic burn treatments at
the 1-m2 scale (p = 0.988) and at the 32-m2 scale (p = 0.320). At
the scale of 1-m2, the two burn plots had greater species richness
of Asteraceae species and ‘other’ forbs than the Control plots
(Asteraceae: A vs. C, p = 0.024; C vs. P, p = 0.030 and ‘other’ forbs:
A vs. C, p = 0.019; C vs. P, p = 0.039) (Fig. 6A and C), and the Control
plots had greater species richness of woody vines than the burn
plots (A vs. C, p = 0.002; C vs. P, p = 0.002) (Fig. 6F). Species richness
of Fabaceae species was greatest in the Annual plots (A vs. C,
p = 0.009; A vs. P, p = 0.020), while that of trees and shrubs was
lowest in the Annual plots (A vs. C, p = 0.025; A vs. P, p = 0.010).
At the 32-m2 scale, species richness of Fabaceae and ‘other’ forbs
were greater in Annual plots than in Control plots (p = 0.028 and
p = 0.050, respectively), with Fabaceae and ‘other’ forb richness in
Periodic plots not different from the other treatments
(p P 0.064) (Fig. 6B and C). The species richness of trees and shrubs
was least in the Annual plots, with only about 25% of the richness
of the other treatments at the 32-m2 scale (A vs. C, p = 0.021; A vs.
P, p = 0.033) (Fig. 6E).

Across all species, the Shannon–Wiener Index of Diversity was
greater for the Annual and Periodic plots than for the Control plots
(A vs. C, p = 0.025; C vs. P, p = 0.030), and Pielou’s evenness was
greater for the Annual and Periodic plots than for the Control plots
(A vs. C, p = 0.035; C vs. P, p = 0.050) (Table 4). Differences in diver-
sity patterns among treatments are apparent when richness, abun-
dance, and evenness are plotted together in a multidimensional
species diversity volume (You et al., 2009; Kirkman et al., 2013)
(Fig. 7).

3.4.3. Understory vegetation composition
The NMS ordination was fit with a two-dimensional solution,

with a final stress of 17.36. Axis 1 accounted for 36% of the vari-
ability in ordination space, and Axis 2 accounted for an additional
9% of the variability (Fig. 8). Results from the MRPP test indicated
that the composition of understory vegetation was different among
the treatments (A = 0.121; p < 0.001). Each pairwise comparison of
the treatments was significant, with the strongest difference
between the Control and Annual plots (A vs. C, A = 0.132,
p < 0.001; A vs. P, A = 0.052; p < 0.001; C vs. P, A = 0.096,
p < 0.001). The Sorenson Similarity Coefficient indicated that the
Control and Annual plots shared 27.8% of their species composi-
tion, the Control and Periodic plots shared 39.8% of their species
composition, and the Annual and Periodic plots shared 58.9% of
their species composition. Generally, woody species (trees, shrubs,
or woody vines) were associated with the Control plots. The Indi-
cator Species Analysis identified 8 species associated with the Con-
trol plots, with the strongest association being to Parthenocissus
quinquefolia (L.) Planch. (p < 0.001) (see Appendix A). There were
26 species significantly associated with the Annual burn plots, all
of which were herbaceous and 24 of which were forbs. The stron-
gest associations were with Stylosanthes biflora (L.) Britton, Sterns,
& Poggenb. (p < 0.001), Chamaecrista fasciculata (Michx.) Greene
(p < 0.001), and Acalypha virginica L. (p < 0.001). The graminoid
species associated with Annual plots were Schizachyrium scoparium



Table 3
Percent cover of 2010 understory vegetation (mean and one standard error (SE)) by functional group and study treatments. The percentage column is the relative contribution of
each functional group to total cover. The p-values are levels of significance from the ANOVA tests for treatment effects within each row, and the same superscripted letter
indicates no significant difference among pair-wise comparisons.

Cover type Control Annual Periodic p-values

Mean (SE) % Mean (SE) % Mean (SE) %

Asteraceae spp. 0.10b (0.10) 0.4 11.55a (0.25) 28.9 9.65ab (2.45) 15.0 0.044
Fabaceae spp. 0.15b (0.05) 0.5 19.30a (3.50) 48.3 3.55ab (0.35) 5.5 0.038
Other forbs 0.00 (0.00) 0.1 1.20 (0.30) 3.0 1.95 (0.75) 3.0 0.128
Graminoids 0.25b (0.25) 0.8 6.95a (0.45) 17.4 5.15a (1.35) 8.0 0.028
Trees/shrubs 22.05ab (6.15) 70.8 0.80b (0.20) 2.0 43.55a (6.35) 67.6 0.026
Woody vines 8.55 (2.05) 27.4 0.05 (0.05) 0.1 0.65 (0.15) 1.0 0.056

Total forbs 0.30b (0.10) 1.0 32.10a (4.00) 80.4 15.15b (2.85) 23.5 0.016
Total herbaceous 0.55c (0.35) 1.8 39.05a (4.45) 97.8 20.25b (4.15) 31.4 0.001
Total woody 30.60ab (8.20) 98.2 0.90b (0.10) 2.3 44.15a (6.55) 68.5 0.036
Total vegetation 31.15 (7.75) 100.0 39.95 (4.35) 100.0 64.45 (2.35) 100.0 0.086

Table 4
Species richness, diversity, and evenness (mean and one standard error (SE)) of 2010 understory vegetation by study treatments. The p-values are levels of significance from the
ANOVA tests for treatment effects within each row, and the same superscripted letter indicates no significant difference among pair-wise comparisons.

Variable Control Annual Periodic p-value

Mean (SE) Mean (SE) Mean (SE)

Richness (number of species per m2) 4.30b (0.00) 13.13a (0.47) 13.17a (0.30) 0.002
Richness (number of species per 32 m2) 33.51b (1.50) 59.50a (4.52) 67.50a (1.53) 0.025
Shannon–Wiener Index of Diversity 0.91b (0.03) 1.87a (0.05) 1.78a (0.12) 0.022
Pielou’s Evenness 0.26a (0.01) 0.46b (0.01) 0.42b (0.03) 0.033
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(Michx.) Nash (p < 0.001) and Eleocharis lanceolata Fernald
(p = 0.003). There were 25 species identified as significantly associ-
ated with the Periodic plots, including a mixture of herbaceous and
woody species (see Appendix A).

4. Discussion

4.1. Stand structure and composition

Our study shows that over 60 years of frequent prescribed
burning affected stand structure and composition in a Missouri
Ozark oak-hickory forest (Fig. 9). Repeated burning resulted in
the reduction or elimination of small-diameter stems and shifted
the diameter distribution from a negative exponential form, as
observed in the Control plots, to normal distributions, as observed
on the burned plots. Similar effects of repeated prescribed burning
on small-diameter woody vegetation have been observed even
after only a few prescribed fires in other hardwood forests
(e.g., Barnes and Van Lear, 1998; Blake and Schuette, 2000;
Hutchinson et al., 2005b; Kinkead et al., 2013), due to the high like-
lihood of complete cambial necrosis of small-diameter stems
(Stephan et al., 2010). In a study from the Missouri Ozark High-
lands, Dey and Hartman (2005) reported that the probability of
seedling and sapling survival following fire increased with stem
size and decreased with repeated burning, although the effects dif-
fered among species. Our results show that repeated burning for
six decades eventually eliminated all woody stems <11 cm DBH
with annual burning and all woody stems 4 cm < DBH < 16 cm
with burning every four years. Similarly, Waldrop et al. (1992)
found that the majority of hardwood stems <12.5 cm were killed
following 43 years of repeated prescribed burning in Berkeley
County, SC, and other long-term studies similarly report that
repeated burning results in stands with open vertical structures
(Brockway and Lewis, 1997; Haywood et al., 2001).

While the elimination of small-diameter woody vegetation is
one of the most readily apparent effects of long-term prescribed
burning, our results also demonstrate effects on overstory
structure and composition. Both LAI (including overstory trees
and mid-story vegetation) and overstory basal area show the rela-
tive openness of the canopy in the burned plots compared to the
Control plots, with the highest degree of openness in the Periodic
plots. Previous studies have reported varied results for the effects
of prescribed burning on overstory structure or composition. Gen-
erally, short-term studies (<10 years) have shown few effects of
prescribed burning on canopy tree mortality (Blake and Schuette,
2000; Hutchinson et al., 2005b; Stan et al., 2006; Schwilk et al.,
2009; Lettow et al., 2014), although the effects of single burns
may differ by species, initial tree condition, and fire intensity
(Brose and Van Lear, 1999; Elliott et al., 1999). In southern pine for-
ests, repeated burning for more than 40 years has been reported to
have few effects on the structure, composition, or growth of over-
story trees (Waldrop et al., 1992; Brockway and Lewis, 1997). In
contrast, a study over a 32 year period in hardwood forests found
that burning resulted in lower stand densities on burned plots than
unburned plots, with species-specific differences in fire-induced
mortality (Peterson and Reich, 2001). On the same study sites as
the current work, Huddle and Pallardy (1996) reported that canopy
tree survival through 1984 (�35 years of burning) was greatest for
Quercus stellata, lower for species in the red oak group, and lowest
for hickory species. After >60 years of burning, the differential spe-
cies mortality resulted in burned plots being dominated by Q. stel-
lata, with a higher presence of hickories and the ‘other’ species
group in the Control plots.

4.2. Tree regeneration and recruitment

The results of our study highlight some important effects of fre-
quent fire on regeneration dynamics in oak-hickory forests. There
was little tree recruitment occurring in either of the burn treat-
ments. Although the densities of small saplings and seedlings were
high in the Periodic plots, subsequent fires continued to top-kill
the regeneration layer and prevented recruitment. Moreover, the
dominant species in the regeneration layer differed from the domi-
nant species in the canopy in Periodic plots, suggesting that fire



Fig. 6. Species richness (mean and one standard error) at 1 m2 and at 32 m2 sampling scales by functional group of ground layer vegetation. The p-values are levels of
significance from the ANOVA tests for treatment effects for each group and sampling scale, and the same letters on bars indicate no significant difference among pair-wise
comparisons for each respective group and sampling scale.
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tolerance of tree species may vary through ontogeny. With greater
abundance in the sapling layer, hickories and Q. velutina expressed
higher levels of tolerance than other species when they were small.
In the Control plots, species associated with mesic conditions, such
as Cornus florida, Prunus serotina, Fraxinus americana, and Ulmus
rubra were present in the sapling layer but were absent in either
burn treatment. However, oak and hickory species dominated the
sapling layer of the Control plots, suggesting that fire may not be
necessary for oak recruitment in these forests.

The abundance of Rhus copallinum in the sapling layer of the
Periodic plots suggests that frequent, periodic burning favors its
establishment. R. copallinum, though a native species, can become
invasive due to abundant seed production, vegetative spread via
rhizomes, and possible allelopathic effects on other species
(Petranka and McPherson, 1979). Although some studies report
that fire has few effects on Rhus species. (Arthur et al., 1998;
Elliott et al., 1999), Glasgow and Matlack (2007) found that the dis-
turbance caused by fire increased germination success of R. glabra
L. We observed that the R. copallinum stems in our study were pri-
marily sprouts, suggesting that, once established, individuals can
persistently resprout to survive repeated burning. It is not clear
how a dense R. copallinum layer may affect tree regeneration or
recruitment outcomes in the future.

4.3. Understory plant community response

Similar to many previous studies, our results showed that
repeated prescribed burning increased the abundance of herba-
ceous plants in the understory (Lewis and Harshbarger, 1976;
Masters et al., 1996; Brockway and Lewis, 1997; Sparks et al.,
1998; Hutchinson et al., 2005a). In a longleaf pine forest in Louisi-
ana, U.S.A., Haywood et al. (2001) reported that unburned stands



Fig. 7. Patterns in species diversity expressed by species richness, evenness, and
abundance (percent cover). Each block is depicted by a circle, with the mean across
blocks shown as a diamond.
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had only 12 kg/ha of herbaceous biomass compared to 1115 kg/ha
in stands that had been burned every two years for over 35 years.
In our study, there were virtually no herbaceous plants on
unburned plots but about 500 kg/ha on both the burn treatments.
Interestingly, there was no difference in the biomass of herbaceous
vegetation between the Annual and Periodic burn treatments. Pre-
vious studies have reported productivity of herbaceous vegetation
to be maximized at biennial fire return intervals (Brockway and
Lewis, 1997; Peterson et al., 2007), in part due to the time required
for recovery following fire (Burton et al., 2011). Although our
results indicate that long-term, frequent burning increases herba-
ceous productivity, our study was not designed to determine the
fire frequency that maximizes the production of herbaceous
vegetation.

Increases in the abundance and richness of herbaceous vegeta-
tion following prescribed burning have been attributed to several
factors. The development of woody vegetation in the mid-story
and overstory reduces light availability for herbaceous plants
(Harrington and Edwards, 1999; Peterson et al., 2007; Kinkead
et al., 2013), and the accumulation of forest floor material may pro-
hibit herbaceous vegetation from becoming established (Hiers
et al., 2007). Repeated prescribed burning can simultaneously
address both of these limitations (Kirkman et al., 2013), yet the
effects of fire frequency on plant communities may vary. Past stud-
ies reported that species richness increased with increasing fire
frequency in longleaf pine ecosystems of the southeastern U.S.
(Glitzenstein et al., 2003), species richness increased and then
Fig. 8. Nonmetric multidimensional scaling ordination for all sampled quadrats.
Open symbols are quadrats from Block 1 and filled symbols are quadrats from Block
2.
plateaued with increasing fire frequency in Florida pine savanna
(Beckage and Stout, 2000), species richness was maximized at
intermediate levels (biennial burning) in a forest-grassland eco-
tone in Minnesota (Peterson and Reich, 2008), and species richness
decreased with increasing fire frequency in a tallgrass prairie in
Kansas (Collins et al., 1995). We found no differences in total spe-
cies richness between our two burn treatments, but differences in
richness among functional groups suggest that fire frequency has
important implications for plant community development over
long time-scales in this forest type.

Despite similar levels of total richness and diversity on the two
burn treatments, composition differed among all study treatments.
There was a greater response in species richness and cover of Faba-
ceae species in the Annual plots than in the Periodic plots. Previous
studies similarly reported that legumes positively respond to
increased fire frequencies (White et al., 1990; Masters et al.,
1996; Towne and Knapp, 1996; Sparks et al., 1998). Characteristics
Fig. 9. Images to contrast the stand structure of (A) Control plots, (B) Annual plots,
and (C) Periodic plots. All photographs were taken on October 15, 2012.
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that include hard seed coats and the ability to persist within the
seed bank may be adaptations of legumes to frequent fire
(Cushwa et al., 1968; Sparks et al., 1998; Coffey and Kirkman,
2006). Increasing fire frequency has commonly been reported to
increase the abundance of graminoid species (Hutchinson et al.,
2005a; Peterson et al., 2007), and other studies have reported that
graminoids dominate the understory following long-term, repeated
burning (Waldrop et al., 1992; Brockway and Lewis, 1997;
Haywood et al., 2001). Although we observed greater graminoid
cover on the burn treatments compared to the Control in our study,
forbs dominated the cover, biomass, and richness of the herbaceous
layer on both burn treatments. Peterson et al. (2007) reported that
grass cover, especially that of C4 grasses, was positively related to
both fire frequency and canopy reduction in oak woodlands of Min-
nesota. In contrast, they reported that forb cover was less closely
related to canopy cover. Canopy density in the burned plots of
our study may have limited the development of graminoids and
thus contribute to the dominance of forbs in the understory.

4.4. Management implications

Results from this study support our hypothesis that long-term,
repeated prescribed burning can be used to reach several objectives
related to woodland restoration and management in hardwood
ecosystems, including creating a two-layered vertical structure
and increasing the abundance, richness, diversity, and evenness of
the understory plant community. Although previous studies
demonstrated the effects of long-term burning on the structure of
pine ecosystems, this study is the first to document similar effects
in oak-hickory communities. Silvicultural prescriptions for reach-
ing woodland objectives in hardwood ecosystems often include
combinations of thinning and burning to reduce canopy density
and increase the herbaceous vegetation response (Peterson et al.,
2007; Kinkead et al., 2013; Brose, 2014). Our results suggest that,
over long time periods, burning alone can reduce canopy density
to create conditions associated with woodlands. In contrast to
reports from other woodland ecosystems, graminoids were only a
small component of the herbaceous vegetation in our study. Inter-
actions between fire frequency and canopy cover can influence the
understory plant community in oak woodlands, and previous stud-
ies found that canopy cover limits cover of graminoids more strong-
ly than that of forbs (Peterson et al., 2007; Peterson and Reich,
2008). Thus, mechanical manipulation may be useful for reducing
canopy density to specific levels to target the development of spe-
cies of interest on these sites. In addition, mechanical manipulation
of the canopy may offer managers greater temporal control over
woodland development than relying on fire alone.

Characteristics of a frequent prescribed fire regime, such as fire
intensity, are related to interactions among the understory plant
community, characteristics of the fuelbed, and subsequent fire
behavior (Mitchell et al., 2009). Graminoids serve as an important
fine fuel for maintaining a frequent fire regime in oak woodlands
(Nelson, 2004), but the primary fuel source in our study was hard-
wood litter. In the Periodic plots, the abundance of small-diameter
woody stems and the accumulated hardwood litter contributed
additional fuels that were not present in the Annual burn plots.
Family Genus Species Common nam

Acanthaceae Ruellia pedunculata Stalked wild
Aceraceae Acer rubrum Red maple
As a result, we expect that fire behavior differed between the burn
treatments, with greater fire intensities associated with higher fuel
build-up in the Periodic plots (e.g., Hutchinson et al., 2005a). The
ability to reach management objectives can be influenced by
site-specific fuel characteristics, and future research will assess dif-
ferences in fuels, fire behavior, and the health of residual trees in
these study plots.

Regeneration is a critical component of stand dynamics, and the
desirable structure and composition of woodland communities
cannot be maintained without periodic regeneration and recruit-
ment of new overstory trees. Specific silvicultural practices have
been developed that use fire as a tool for increasing the abundance
or competitiveness of oak regeneration in different forest ecosys-
tems (Brose et al., 1999; Arthur et al., 2012; Brose et al., 2013).
These practices generally recommend a ‘fire-free’ period that
may last several decades to allow regeneration to recruit into the
overstory without excessive damage or the risk of top-kill. The
relatively xeric conditions and species composition of the Missouri
Ozarks reduce the need for fire for successful oak regeneration in
this region. Our results indicate that long-term annual burning
completely removes regeneration from oak-hickory forests, and
burning with a sustained four year fire return interval shifts the
composition of the regeneration layer to primarily red oaks, hick-
ories, and sumac. As hypothesized, recruitment of sprouts from
the regeneration layer did not occur with either fire return interval
in our plots. Our study demonstrates the importance of a ‘fire-free’
period for tree recruitment, suggesting that a prescribed fire
regime with variation in the fire return interval may be most
appropriate for balancing structural, compositional, and regen-
eration needs of oak-hickory woodland management.
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Appendix A

All species recorded in sampled quadrats (n = 118), with results
from the Indicator Species Analysis shown only for species includ-
ed in the multivariate analyses (n = 97)
e Functional group Indicator Species Analysis

IV p-value Treatment

petunia Forb/herb 3.1 0.333 Annual
Tree/woody 3.1 0.335 Periodic

(continued on next page)



Appendix A (continued)

Family Genus Species Common name Functional group Indicator Species Analysis

IV p-value Treatment

Anacardiaceae Rhus aromatica Fragrant sumac Shrub/woody 20.6 <0.001 Control
Rhus copallinum Winged sumac Shrub/woody 24.7 <0.001 Periodic
Toxicodendron radicans Eastern poison ivy Vine/woody 10.5 0.042 Control

Apocynaceae Apocynum cannabinum Indianhemp Forb/herb – – –
Araliaceae Aralia spinosa Devil’s walkingstick Tree/woody 15.6 <0.001 Periodic
Aristolochiaceae Aristolochia serpentaria Virginia snakeroot Forb/herb 1.0 1.000 Annual
Asclepiadaceae Asclepias verticillata Whorled milkweed Forb/herb 9.2 0.008 Annual
Asteraceae Antennaria parlinii Parlin’s pussytoes Forb/herb 25.4 <0.001 Periodic

Coreopsis palmata Stiff tickseed Forb/herb 3.7 0.155 Periodic
Helianthus hirsutus Hairy sunflower Forb/herb 58.8 <0.001 Annual
Lactuca canadensis Canada lettuce Forb/herb 0.8 1.000 Annual
Lactuca floridana Woodland lettuce Forb/herb – – –
Liatris squarrosa Scaly blazing star Forb/herb – – –
Parthenium integrifolium Wild quinine Forb/herb 17.0 <0.001 Annual
Rudbeckia hirta Blackeyed Susan Forb/herb 6.9 0.033 Annual
Solidago buckleyi Buckley’s goldenrod Forb/herb 33.3 <0.001 Periodic
Solidago nemoralis Gray goldenrod Forb/herb 6.1 0.204 Periodic
Solidago ulmifolia Elmleaf goldenrod Forb/herb 23.7 0.006 Periodic
Symphyotrichum anomalum Manyray aster Forb/herb 10.8 0.086 Annual
Symphyotrichum oolentangiense Skyblue aster Forb/herb 25.8 0.001 Annual
Symphyotrichum patens Late purple aster Forb/herb 34.3 <0.001 Annual
Symphyotrichum turbinellum Smooth violet prairie aster Forb/herb 48.4 <0.001 Annual
Verbesina helianthoides Gravelweed Forb/herb 2.0 0.468 Periodic
Vernonia baldwinii Baldwin’s ironweed Forb/herb 0.9 0.781 Periodic

Campanulaceae Lobelia spicata Palespike lobelia Forb/herb – – –
Caprifoliaceae Symphoricarpos orbiculatus Coralberry Shrub/woody – – –
Caryophyllaceae Minuartia patula Pitcher’s stitchwort Forb/herb 6.2 0.031 Annual
Cornaceae Cornus florida Flowering dogwood Tree/woody 4.8 0.038 Control

Nyssa sylvatica Blackgum Tree/woody – – –
Cyperaceae Carex albicans Whitetinge sedge Graminoid/herb 6.9 0.030 Periodic

Carex hirsutella Fuzzy wuzzy sedge Graminoid/herb 1.4 1.000 Periodic
Carex muehlenbergii Muhlenberg’s sedge Graminoid/herb – – –
Carex nigromarginata Black edge sedge Graminoid/herb 8.4 0.177 Periodic
Cyperus echinatus Globe flatsedge Graminoid/herb 3.1 0.346 Annual
Eleocharis lanceolata Daggerleaf spikerush Graminoid/herb 9.4 0.003 Annual

Dioscoreaceae Dioscorea quaternata Fourleaf yam Forb/herb 3.1 0.332 Periodic
Ebenaceae Diospyros virginiana Common persimmon Tree/woody – – –
Ericaceae Vaccinium arboreum Farkleberry Shrub/woody 3.2 0.111 Control

Vaccinium stamineum Deerberry Shrub/woody 1.5 1.000 Periodic
Euphorbiaceae Acalypha virginica Virginia threeseed mercury Forb/herb 67.1 <0.001 Annual

Euphorbia corollata Flowering spurge Forb/herb 20.7 0.010 Periodic
Fabaceae Amphicarpa bracteata American hogpeanut Forb/herb 30.1 <0.001 Annual

Baptisia bracteata Longbract wild indigo Forb/herb – – –
Chamaecrista fasciculata Partridge pea Forb/herb 70.8 <0.001 Annual
Clitoria mariana Atlantic pigeonwings Forb/herb 26.6 <0.001 Annual
Crotalaria sagittalis Arrowhead rattlebox Forb/herb 25.0 <0.001 Annual
Desmodium ciliare Hairy small-leaf ticktrefoil Forb/herb 4.7 0.113 Annual
Desmodium laevigatum Smooth ticktrefoil Forb/herb 10.2 0.009 Periodic
Desmodium marilandicum Smooth small-leaf ticktrefoil Forb/herb 19.7 <0.001 Annual
Desmodium nuttallii Nuttall’s ticktrefoil Forb/herb 3.0 0.528 Periodic
Desmodium obtusum Stiff ticktrefoil Forb/herb 6.2 0.039 Annual
Desmodium perplexum Perplexed ticktrefoil Forb/herb 6.2 0.033 Annual
Galactia regularis Eastern milkpea Forb/herb 38.6 <0.001 Annual
Gleditsia triacanthos Honeylocust Tree/woody – – –
Lespedeza procumbens Trailing lespedeza Forb/herb 23.7 <0.001 Annual
Lespedeza repens Creeping lespedeza Forb/herb – – –
Lespedeza violacea Violet lespedeza Forb/herb 34.1 <0.001 Annual
Lespedeza virginica Slender lespedeza Forb/herb 27.2 <0.001 Annual
Orbexilum pedunculatum Sampson’s snakeroot Forb/herb 39.9 <0.001 Annual
Strophostyles leiosperma Slickseed fuzzybean Forb/herb 3.1 0.338 Periodic
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Family Genus Species Common name Functional group Indicator Species Analysis

IV p-value Treatment

Strophostyles umbellata Pink fuzzybean Forb/herb 7.4 0.184 Periodic
Stylosanthes biflora Sidebeak pencilflower Forb/herb 89.0 <0.001 Annual
Tephrosia virginiana Virginia tephrosia Forb/herb 4.7 0.105 Annual
Trifolium pratense/repens Red/white clover Forb/herb 14.1 <0.001 Annual

Fagaceae Quercus alba White oak Tree/woody 3.6 0.553 Control
Quercus coccinea Scarlet oak Tree/woody 4.1 0.219 Control
Quercus marilandica Blackjack oak Tree/woody 3.7 0.618 Periodic
Quercus stellata Post oak Tree/woody 18.3 <0.001 Periodic
Quercus texana Nuttal oak Tree/woody – – –
Quercus velutina Black oak Tree/woody 14.2 0.054 Periodic

Juglandaceae Carya glabra Pignut hickory Tree/woody 4.7 0.108 Periodic
Carya texana Black hickory Tree/woody 6.6 0.396 Periodic
Carya tomentosa Mockernut hickory Tree/woody 4.4 0.176 Periodic

Lamiaceae Monarda bradburiana Eastern beebalm Forb/herb 27.3 <0.001 Periodic
Monarda fistulosa Wild bergamot Forb/herb – – –
Pycnanthemum tenuifolium Narrowleaf mountainmint Forb/herb 14.1 < 0.001 Periodic

Lauraceae Sassafras albidum Sassafras Tree/woody 20.3 < 0.001 Control
Oleaceae Fraxinus americana White ash Tree/woody 9.6 0.008 Control
Ophioglossaceae Botrychium virginianum Rattlesnake fern Fern/herb – – –
Papaveraceae Sanguinaria canadensis Bloodroot Forb/herb – – –
Poaceae Andropogon gerardii Big bluestem Graminoid/herb 5.4 0.051 Annual

Andropogon virginicus Broomsedge bluestem Graminoid/herb 6.2 0.038 Periodic
Bouteloua curtipendula Sideoats grama Graminoid/herb – – –
Danthonia spicata Poverty oat grass Graminoid/herb 10.0 0.008 Periodic
Dichanthelium acuminatum Tapered rosette grass Graminoid/herb 10.7 0.037 Periodic
Dichanthelium boscii Bosc’s panicgrass Graminoid/herb 30.0 <0.001 Periodic
Dichanthelium commutatum Variable panicgrass Graminoid/herb 13.4 0.074 Periodic
Dichanthelium depauperatum Starved panicgrass Graminoid/herb 14.1 0.001 Periodic
Dichanthelium dichotomum Cypress panicgrass Graminoid/herb 35.1 <0.001 Periodic
Dichanthelium laxiflorum Openflower rosette grass Graminoid/herb 29.7 <0.001 Periodic
Elymus canadensis Canada wildrye Graminoid/herb – – –
Muhlenbergia sobolifera Rock muhly Graminoid/herb 7.8 0.011 Periodic
Panicum virgatum Switchgrass Graminoid/herb 3.1 0.327 Annual
Schizachyrium scoparium Little bluestem Graminoid/herb 61.5 <0.001 Annual
Tridens flavus Purpletop tridens Graminoid/herb 5.0 0.066 Annual

Polemoniaceae Phlox pilosa Downy phlox Forb/herb 6.2 0.036 Periodic
Rhamnaceae Ceanothus americanus New Jersey tea Shrub/woody 45.3 <0.001 Periodic

Rhamnus caroliniana Carolina buckthorn Tree/woody 24.7 <0.001 Periodic
Rosaceae Gillenia stipulata American ipecac Forb/herb – – –

Potentilla simplex Common cinquefoil Forb/herb 12.0 0.004 Periodic
Prunus mexicana Mexican plum Tree/woody – – –
Prunus serotina Black cherry Tree/woody 3.2 0.108 Control
Rosa carolina Carolina rose Shrub/woody 52.4 < 0.001 Periodic
Rubus pensilvanicus Pennsylvania blackberry Shrub/woody 21.2 0.001 Periodic

Rubiaceae Galium circaezans Licorice bedstraw Forb/herb 1.3 1.000 Periodic
Galium concinnum Shining bedstraw Forb/herb 7.8 0.011 Annual

Scrophulariaceae Aureolaria flava Smooth yellow false foxglove Forb/herb 3.1 0.318 Annual
Smilacaceae Smilax bona-nox Saw greenbrier Vine/woody – – –

Smilax glauca Cat greenbrier Vine/woody 15.9 0.004 Control
Smilax tamnoides Bristly greenbrier Vine/woody 2.5 0.402 Control

Solanaceae Physalis heterophylla Clammy groundcherry Forb/herb 2.8 0.423 Annual
Ulmaceae Celtis occidentalis Common hackberry Tree/woody – – –

Ulmus alata Winged elm Tree/woody 6.1 0.056 Periodic
Violaceae Viola sagittata Arrowleaf violet Forb/herb 3.1 0.337 Annual
Vitaceae Parthenocissus quinquefolia Virginia creeper Vine/woody 83.2 <0.001 Control

Vitis aestivalis Summer grape Vine/woody 14.7 0.006 Control
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