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The Stoddard Fire Plot study at Tall Timbers Research Station near Tallahassee, FL, ongoing since 1960, is
one of several long-term studies of fire frequency in the southeast Coastal Plain, USA. Previous data and
publications from the Stoddard Fire Plots supported a saturation model of fire frequency effects. Accord-
ing to this model, vascular plant species richness increases along with fire frequency but only up to a
threshold determined by woody overstory competition. Beyond the threshold, further increases in fire
frequency have little additional impact on species richness or understory vegetation composition. Prior
analyses suggested this threshold to occur at �6–7 year burn intervals. In this paper we present more
recent data from this same long term study that are not consistent with the ‘‘Saturation Hypothesis’’
as originally formulated. These results indicate (1) ‘‘saturation’’ of canopy (>2.0 m) cover at 3 year burn
intervals rather than the predicted 6–7 years, (2) small-scale (61.0 m) species richness positively associ-
ated with fire frequency across a gradient of short-interval fires from 3- to 1-year, (3) statistically signif-
icant species composition (cover and abundance) shifts across this same short-interval fire frequency
gradient, with greatest herbaceous dominance associated with 1- and 2-year burn treatments. Prescribed
burners influenced by the earlier results might wish to consider reducing the interval between fires.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction communities recommend burning as frequently as fuels permit. Re-
In southeastern USA, the floristically rich longleaf pine savanna/
woodland ecosystem is considered endangered (Peet and Allard,
1993; Noss et al., 1995). Historically, these habitats were maintained
by frequent (<10 year intervals) wildfires ignited by lightning and
indigenous humans (Pyne, 1982; Henderson, 2006; Huffman,
2006). In the modern landscape, preservation of floral and faunal
species richness and management of wildlife populations depends
on the use of prescribed fire (Masters et al., 2003). Because of the
complicated history of fire in southeastern USA, attempts to recon-
struct (e.g. Henderson, 2006; Huffman, 2006) or infer (Frost, 1998;
Outcalt, 2008) fire history cannot provide the full answer to appro-
priate fire management. Another important source of information
is from long-term controlled experiments in which critical fire vari-
ables are manipulated and responses studied (Higgins et al., 2007).

One important variable in prescribed fire management is fire fre-
quency. Most studies of southern pine savanna and woodland
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sults from these studies tend to show that very frequent fires max-
imize vascular plant species richness and maintain open,
herbaceous dominated ground-layer vegetation (Lewis and Harsh-
barger, 1976; Walker and Peet, 1983; Waldrop et al., 1992; Brock-
way and Lewis, 1997; Haywood and Grelen, 2000; Glitzenstein et
al., 2003). As in Glitzenstein et al. (2003), we will refer to this sug-
gestion as the ‘‘Most Frequent Fire Hypothesis’’ (MFFH) of longleaf
pine ecosystem groundcover management.

Not all data are consistent with the MFFH. Results from studies
of wet pine savannas in Mississippi suggested that occasional fire-
free periods of up to 7 years were tolerated or even required by cer-
tain species (Hinman and Brewer, 2007). In a study of xeric sand-
hills in central FL peninsula, Beckage and Stout (2000) were
unable to detect a statistically significant effect of fire frequency
on stem frequencies, species richness or Shannon-Wiener Diversity.

Located on well drained mesic to subxeric gently sloping north
Florida uplands, the Stoddard Fire Plot study at Tall Timbers
Research Station is one of the longest (since 1960) ongoing fire
frequency studies. Published results for the first 13 years of exper-
imental burning in the Stoddard Plots (Mehlman, 1992; data re-
analyzed by Beckage and Stout (2000)) seemed to indicate that
mean fire frequencies of 6–7 years were adequate to maintain high
levels of vascular plant species richness (Beckage and Stout, 2000).
These analyses suggested a ‘‘saturation model’’ wherein species
richness increased with fire frequency but only up to a threshold.
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Fire return intervals shorter than 6–7 years did not produce further
increases in species richness.

Beckage and Stout (2000) hypothesized that the 6–7 year
threshold was related to effects of fire frequencies on woody plant
competition. If fires occur more frequently, woody competitors are
unable to restrict establishment and persistence of forbs. Beckage
and Stout (2000, p. 120) suggested that, ‘‘. . .the primary effect of
fire may simply be the maintenance of an open overstory, minimiz-
ing competition for light and soil resources among understory spe-
cies, and thereby allowing rich understories to develop’’. Although
Beckage and Stout (2000) were not explicit, one assumes that the
6–7 year threshold represents the transition from woody plant
dominated to herbaceous plant dominated understory. Since herbs
account for most of the vascular plant species richness of pine sav-
annas, the transition from woody to herbaceous might well be
associated with an asymptote in plant species richness. We will
refer to Beckage and Stout’s (2000) results and inferences as the
‘‘Saturation Hypothesis’’ (SH).

The Stoddard Study was unique in incorporating an extraordi-
narily wide range of fire frequency treatments, ranging from annual
burning to burning at 75 year intervals. This broad range of treat-
ments provided the opportunity for sophisticated modeling (Beck-
age and Stout, 2000). However, the plant data available for analysis
were rather limited. Beckage and Stout’s (2000) analyses and Mehl-
man’s (1992) results were based on data collected by the late bot-
anist R.K. Godfrey (Curator, Florida State University Herbarium;
Beadel Research Fellow, Tall Timbers Research Station). Godfrey
collected his data in 1972, approximately 13 years after initiation
of the Stoddard Study in 1959. Godfrey’s data consisted solely of
species lists for each plot. He did not record abundance nor did he
subsample within plots. Furthermore, Godfrey’s data were col-
lected only 13 years after the start of the study and additional pat-
terns may have developed with subsequent treatments.

Beckage and Stout’s (2000) analyses of fire frequency effects on
species richness pertained to a relatively large spatial scale (0.5 acre,
�0.202 ha) matching the scale of Godfrey’s plant census. In contrast,
a study of fire frequency effects on mesic to moist pine flatwoods and
wet savanna vegetation in South Carolina and Florida (Glitzenstein
et al., 2003) considered species richness data across a range of spatial
scales. Their results from two long-term fire frequency studies
indicated that fire frequency effects on species richness were most
evident at smaller scales and weakest, albeit still statistically signif-
icant, at the largest (0.10 ha) scale sampled. Glitzenstein et al. (2003)
suggested that differences between their own results and the
Stoddard Plot publications (Mehlman, 1992; Beckage and Stout,
2000) could perhaps be reconciled with more comprehensive sam-
pling in the Stoddard Plots, including data on species richness col-
lected over a range of spatial scales.

Herein, we present Stoddard Plot results from two more recent
sampling dates, 1999 and 2007. The 1999 data pertain to total
woody canopy cover, and were obtained from 12 fire interval treat-
ments ranging from 1 to 35 years. This range of treatments was
sufficient to permit testing of four a priori alternative models of fire
frequency responses, as in Beckage and Stout (2000).

In 2007, we sampled for vascular plant species composition
based on ocular cover estimates, and abundance inferred from
scale. In addition, we quantified species richness across a range
of spatial scales from 0.01 to 1000 m2. These data were obtained
from the 1 to 4 year plots and unburned controls. Data could no
longer be obtained from interval treatments >4 years since Tall
Timbers administration had discontinued those treatments in
2000. Furthermore, the 4-year treatment had been confounded to
some extent by a recent period of frequent fires. Despite these lim-
itations the 1999 and 2007 data together provide a test of the SH as
originally formulated, particularly with respect to the presumed
equivalence of fire frequency intervals <7 years.
2. Methods

2.1. Study area

Tall Timbers Research Station is located in the north Florida
panhandle (�long. 30�390N, lat. 84�130W) in an area referred to lo-
cally as the Red Hills region (Komarek, 1977) that falls within the
Ocala Uplift District (Brooks, 1982). Soils in this region are mainly
Ultisols, soils with a sandy or sandy loam surface soil overlying a
clay loam or clay subsoil. Upland soils at Tall Timbers are primarily
udults, well-drained Ultisols typically found on ridges or slopes
(Brown et al., 1990). Climate is considered temperate (Chen and
Gerber, 1990). Rainfall is fairly well distributed throughout the
year with April and October being the driest months and June
and July being the wettest. From 1968–2008 maximum average
annual precipitation in the study area vicinity was 199.24 cm
and minimum average annual precipitation was 89.26 cm (TTRS,
unpublished data). Average monthly temperature ranges from
�11 �C in midwinter to �27 �C in midsummer.

The traditional prescribed fire season in north Florida and much
of the southeast USA lasts from late November through March 30
(Robbins and Myers, 1992), with most prescribed burns conducted
during the last month of this period. This traditional fire season is
often referred to as ‘‘dormant season burning’’ (Robbins and Myers,
1992; Streng et al., 1993; Knapp et al., 2009), although bud-break
and leaf expansion for deciduous woody plants in north Florida
occurs throughout March (K.M. Robertson, unpublished data).
Growing season, or lightning-season, burning in the southeast
Coastal Plain USA is generally defined as April through September,
to coincide with the bulk of observed lightning strikes and light-
ning ignitions (Robbins and Myers, 1992; Knapp et al., 2009).
Again, this definition is not precise from the plant phenology
standpoint; in north Florida most deciduous woody plants retain
leaves well into November.

Over the last 1–2 decades southeast USA land managers have
increasingly emphasized burning during the ‘‘growing season’’ as
the ‘‘natural’’ fire season (Knapp et al., 2009). Tall Timbers has fol-
lowed suit to some degree by shifting the majority of prescribed
fires somewhat later into the first part of April. Season of fire is
widely presumed to have important effects on vegetation compo-
sition in southeast Coastal Plain pine savannas (Robbins and
Myers, 1992), an assumption which is only incompletely supported
by the available data (Robbins and Myers, 1992; Streng et al., 1993;
Knapp et al., 2009). We have not observed that the rather minor
shift in Tall Timbers prescribed fires from mostly late March to
majority early April has produced any great change in plant com-
munity patterns.

It is assumed that most of Tall Timbers pineland is former agri-
cultural land (Paisley, 1968; Komarek, 1977), although some relict
patches of original vegetation may remain. Original upland vegeta-
tion in the Red Hills area appears to have been a mosaic of oak-
hickory-pine woodlands intermixed with longleaf pine savannas
(Paisley, 1968).

2.2. Experimental design

The original Stoddard Fire study consisted of 84 permanent
plots distributed across the Tall Timbers landscape (Tall Timbers
Research Station, 1962; Komarek, 1977; Hermann, 1995). Each plot
is 0.5 acre (�0.202 ha). Plots are square, �45.0 m on a side. A pre-
treatment burn was conducted in all plots during winter 1959 to
standardize burn conditions. Treatment fires began the following
year. The experiment was substantially altered during the period
1997–2000 with abandonment of many of the original plots and
treatments. The surviving and reconstituted plots are now orga-
nized into a randomized complete block design with three blocks
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and five treatments. Treatments include the surviving annual,
biennial and triennial plots along with the reconstituted 4-years
and controls.

The reconstituted 4-year plots (‘‘4-year-mixed’’) can be consid-
ered a complex treatment including temporal changes in fire fre-
quencies and hardwood stem removals. During the period 2000–
2007, while excluded from the study, these plots burned five times,
in 2000, 2002, 2004, 2006, and 2007. In addition, they were subject
to woody stem removals of tree-sized individuals (>10 cm) of
hardwood (non-pine) species. The treatments were targeted pri-
marily at ‘‘weed trees’’, e.g. Liquidambar styraciflua, Nyssa sylvatica,
Quercus falcata, Quercus nigra, and Quercus hemisphaerica in partic-
ular (nomenclature follows Kartesz (1994), unless otherwise indi-
cated). No chemical treatments were applied and most of the cut
stems re-sprouted prolifically such that cover of these species
may not differ greatly from pre-cutting levels. All of the 4-year-
mixed plots were treated identically with respect to burn history
and hardwood tree removals.

Burn dates for experimental fires shifted over time reflecting
the increased emphasis at Tall Timbers Research Station on early
growing season burning. Prior to 2002 experimental burns oc-
curred almost entirely in February (40.3%) and March (54.3%),
along with a few spring fires (April 4.8%, May 0.5%). These percent-
ages are based on 188 individual plot burns between 1960 and
2001; burn dates were not recorded, or the records were lost, for
13 burn years. For 2002–2007 the corresponding percentages were
February (9.0%), March (30.3%), April (60.6%), and May (3.0%), for
33 recorded fires not including the 4-year mixed. For the 4-year
mixed plots the numbers were March (50%), April (41.7%), and
May (8.3%), for 12 total fires encompassing the 7 year period when
these plots were not in the study. The differences in March and
April burn dates between the 4-year mixed and the experimental
plots over the same time period amounted to a few days in late
March or early April. Thus, the 4-year mixed plots were con-
founded with respect to fire frequency and tree removals, as dis-
cussed above, but fire season was not confounded.

Plots were burned with strip head-fires or head-fires with fire-
line intensities ranging from <100 kWm to 2200 kWm and fuel
consumption (primarily leaf litter and herbaceous litter) ranging
from 41% to 70%, based on fire behavior measurements taken
annually since 2003.

Two of the blocks occur on Faceville sandy loam soil-Fine, kao-
linitic, thermic Typic Kandiudult. The other block is on Orangeburg
loamy sand-Fine-loamy, kaolinitic, thermic Typic Kandiudult
(Sanders, 1981). These are well drained upland soils of moderate
permeability (Soil Survey Staff, NRCS, 2010). We would categorize
the sites as mesic/sub-xeric in terms of soil moisture availability.

2.3. Vegetation methods

2.3.1. 2007
The habitat surrounding most of the plots is open, fire main-

tained pineland. Consequently considerable light penetrates into
the plot margins. Furthermore repeated disturbance associated
with maintaining fire-lines around the plots provides refuges for
weedy species. To reduce edge effects we established a 5 m buffer
within the outer edge of each plot and collected data only within
the �40 m � 40 m central area (henceforth ‘‘sampling area’’). The
buffer was sufficient to exclude obvious zones of ruderal domi-
nance, but there may well have been less obvious effects not con-
trolled for.

Vegetation data were collected during mid-late growing season
2007 following burns earlier in that growing season. We used the
Carolina Vegetation Survey method of Peet et al. (1998), utilized
also by Glitzenstein et al. (2003). A typical CVS plot is
20 m � 50 m (0.1 ha) subdivided into ten 10 m � 10 m subplots, re-
ferred to as modules. In our study, the shape of the sample plot was
modified to fit within the 40 m � 40 m sampling area. The bulk of
the sample plot consisted of a 20 m � 40 m section encompassing
eight of the ten modules. The remaining two modules were contig-
uous but protruded outwards on either side of the main sample
area in fixed locations. Prior to sampling a plot, we randomly se-
lected the direction of the long axis of the 20 � 40 m main section.
The ten CVS modules consist of four ‘‘intensive’’ modules where the
bulk of the data are collected and six modules that are less inten-
sively sampled. According to standard procedures developed with
regard to phytosociology objectives the intensive modules are
grouped in the center of a plot in order to ensure data collection ef-
forts are focused on the plant community of interest. However, in
our experimentally oriented study we randomly selected the inten-
sive modules in order to provide a more comprehensive sample of
the entire treatment unit.

Three types of vegetative data are collected in a typical CVS plot,
including (1) data on species occurrence by spatial scale (level
data), (2) cover data measured using a semi-quantitative scale,
and (3) data on woody plant stems. The present publication will
discuss only the first two of these; woody plant stem data will
be discussed in a subsequent publication.

Level data were collected from each of two systematically deter-
mined corners within each of the four intensive modules. A set of
nested plots, varying by an order of magnitude at each level, was
set up in each corner. The smallest scale plot (10 cm � 10 cm =
100 cm2) was searched first and all species occurring at that scale
were recorded with a level code of 5. The next largest scale plot
(31.7 cm � 31.7 cm = 1000 cm2) was then searched and newly
encountered species were recorded with a level code of 4. This pro-
cedure was repeated for the remaining levels (100 cm � 100 cm =
10,000 cm2 = level 3; 316 cm � 316 cm =100,000 cm2 = level 2;
10 m � 10 m = 100 m2 = level 1). After the four intensive modules
were sampled the final step was to search the remaining six (i.e.
non-intensive) modules for any species not yet encountered. Species
encountered at this final stage are typically referred to as residuals
and were assigned a level code of 0.5.

Taking advantage of the relationship between scale of occur-
rence and abundance (i.e. the more abundant a species, the more
likely it is to be encountered at a smaller scale) an abundance index
was calculated for each species consisting of the sum of all the le-
vel data for that species in a plot. This derived variable, termed le-
vel sum, was used in subsequent analysis.

Ocular cover data were collected from each of the four intensive
modules. Cover was defined as the percentage of a plot surface ob-
scured by the vertical downward projection of a species regardless
of overlapping cover. Thus a species with multiple layers would be
recorded with the same estimated cover as a species with a single
layer assuming both species covered the same proportion of plot
area. Cover was estimated using a semi-quantitative scale as fol-
lows: (1) trace, (2) 0–1% cover, (3) 1–2, (4) 2–5, (5) 5–10, (6) 10–
25, (7) 25–50, (8) 50–75, (9) 75–95, (10) 95–100. Each species
present in the module was assigned a cover score including species
extending over but not rooted in the module. Cover scores from the
four intensive modules were averaged for subsequent analysis.
Cover of residual species was determined using the same scale,
but for the entire 20 m � 50 m sample plot.

2.3.2. 1999
Canopy data (woody stems >2.0 m) were collected from three

replicates of each of 12 fire frequency treatments. Treatments sam-
pled included 1-, 2-, 3-, 4-, 5-, 7-, 9-, 12-, 16-, 20-, 25-, and 35-year.
Data were collected from the centrally located sampling area,
excluding the 5 m buffer. A 64 m long transect was established from
the southwest to the northeast corner of each plot. A spherical dens-
iometer was used to measure the amount of open space in the can-
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opy. Canopy readings were taken at 10 m intervals beginning from
the southwest corner. At each sampling location readings were ta-
ken in the four cardinal directions. A reading was determined as
the number of open cells out of the total 96 cells. The datum for each
point was the mean of the four directions, and a plot mean was cal-
culated as the average of the point means. Plot data were trans-
formed into percent canopy cover for analysis.

2.4. Analyses

2.4.1. 2007
Species richness was analyzed by single degree of freedom linear

contrasts (Rosenthal and Rosnow, 1985) as appropriate for random-
ized blocks (Snedecor and Cochran, 1967; implemented by Statistix
4.1, Tallahassee, FL, USA). Treatments included annual, biennial and
triennial burns. Quadrennial burning was not included because this
treatment was confounded by recent burn history as discussed
above. However, to facilitate comparisons, the 4-year-mixed means
were graphed along with those of the other treatments (Figs. 2 and
3). ANOVA/linear contrasts were run for each spatial scale (see
discussion of ‘‘level’’ data in Section 2). Unburned controls were
not included in this initial set of analyses because the focus was
on testing the SH prediction of equivalence in species richness
among short-interval burn treatments. Furthermore, the much low-
er species richness of the no-burn plots was already well estab-
lished (Mehlman, 1992; Beckage and Stout, 2000). However, at
the suggestion of an anonymous reviewer, we also ran a second
set of ANOVAs with the no-burns included. A-priori contrasts for
this second analysis compared not burning with each of the burn
treatments, including the 4-year-mixed.

Principal components analysis (PCA) was used to display vege-
tation composition differences among the treatments (Ter Braak,
1995). This indirect ordination technique is appropriate for data-
sets where species are assumed to be linearly distributed along
an underlying environmental gradient. This is typically a valid
assumption for short gradients, including experimental data (Ter
Braak, 1995).

PCA was implemented with the CANOCO 4.5 program (Console
version) using the default options (Ter Braak and Smilauer, 2002)
with one exception. Option #1, ‘‘Eucidean distance biplot’’ was se-
lected for Q21 ‘‘Scaling of ordination scores’’. This option permits
straightforward interpretation of linear distances among treatment
plots (samples) as a measure of compositional divergence (see also
discussion in Ter Braak, 1995). All of the treatments, including the
mixed treatment and no-burns were included in order to most
comprehensively explore the compositional relationships among
treatments.

PCA analyses were carried out independently for level sum and
cover data. Because of the numerous species (Appendix S1) we did
not attempt to graph all of the species scores (also referred to in PCA
terminology as factor loadings). Instead, we defined 24 a priori
groups (legend for Fig. 6; also group classifications for each species
are given in the Appendix S1). Species were assigned to groups
based on life form, habitat notations in Clewell (1985) and Weakley
(2007), and our own experience.

The SH predicts compositional equivalence among plots burned
at less than 6–7 year intervals. This prediction was tested for the
1–3 year plots using omnibus ANOVA. In addition, we carried out
two planned comparisons. First, we contrasted 3-year burns with
1–2 year burns. In Glitzenstein et al. (2003) the major shift from
herbaceous to woody dominance of ground layer corresponded
to the shift from 1–2 year versus 3–4 year fire intervals. The second
planned comparison contrasted 1-year versus 2-year interval
burning. Block effects were also tested. Treatment and block effects
were evaluated on plot scores for the first two axes, which, as will
be shown in the Results, encompassed most of the explained vari-
ation. The error term in all ANOVAs was the treatment � block
interaction as is typical in randomized block experiments lacking
replication.

2.4.2. 1999
Canopy cover data spanned a sufficient range of fire treatment

intervals for model testing as in Beckage and Stout (2000). We
tested the same 4 a priori models (Beckage and Stout, 2000, Eqs.
1–4): null model (i.e. mean of the data), linear model, quadratic
model, and saturation model. Curve fits were accomplished in
Grapher 3.02 (2001, Golden Software Inc., Golden, CO, USA). Linear
and quadratic fits were available as pre-defined equations. The sat-
uration curve (Beckage and Stout, 2000, Eq. 4) was fit using the
Grapher custom fit option. Curve fits in Grapher are accomplished
according to iterative least squares routines. The coefficient of
determination, R2, is the measure of goodness of fit. As in Beckage
and Stout (2000), curves were fit to mean data points averaged
across all the replicates of a treatment.
3. Results and discussion

3.1. Canopy cover

In their Discussion, Beckage and Stout (2000, p. 120) suggested
that ‘‘. . .the primary effect of fire may simply be the maintenance
of an open overstory, minimizing competition for light and soil re-
sources among understory species, and thereby allowing rich
understories to develop. . . This would lead us to expect species
richness to follow a saturating model; initial increases in species
richness with burning would be followed by little additional in-
crease in richness as continued burning only maintains overstory
openness.’’ Since canopy cover is our measure of overstory open-
ness, the SH predicts that the asymptote, or threshold, in canopy
cover should correspond with the threshold in species richness.

As a first step in testing the SH we fit the four a priori models of
Beckage and Stout (2000) to the 1999 Stoddard Plot canopy cover
data to ascertain (a) whether the saturating model best explained
canopy cover responses to fire frequency, and (b) whether the
threshold in canopy cover occurred at 6–7 years as expected from
Beckage and Stout’s (2000) fit of the saturation model to Godfrey’s
1972 whole plot species richness data. The results (Fig. 1) indicated
that (a) the saturation curve was indeed the best fit to the data
(R2 = 0.98, n = 12, versus R2 = 0.49 for quadratic, R2 = 0.19 for linear,
and R2 � 0.00 for null), and (b) the threshold occurred at approxi-
mately 3 years rather than the 6–7 years predicted by Beckage and
Stout (2000). This deviation from predicted might indicate (a) that
Godfrey’s data were not adequate to accurately determine the spe-
cies richness threshold, (b) that canopy cover increased in the 3–
6 year interval treatments since Godfrey collected his data, or (c)
that canopy cover alone is not an adequate predictor of groundcov-
er species richness. The data indicated that dense canopies (>90%
for stems >2.0 m tall) developed in the Stoddard Fire Plots as fire
return intervals increased beyond 2 years. We conclude that very
frequent (1–2 year) fires are needed to maintain open-canopy pine
stands, although other results may apply for other types of pine-
land habitats, e.g. xeric sandhills (Beckage and Stout, 2000) or
wet savannas (Streng and Harcombe, 1982; Hinman and Brewer,
2007).

3.2. Species richness

With the single exception of the 4-year-mixed treatment at the
smallest scale (t = 1.53, P = 0.17, error df = 8), species richness in all
of the surviving burn treatments was substantially (Fig. 2) and sig-
nificantly (t > 2.66, P < .03, error df = 8) greater than in the un-



Fig. 1. Canopy cover as a function of fire frequency. The four a-priori models (null,
linear, quadratic, saturation) of Beckage and Stout (2000) were fit using iterative
least square methods of Grapher 3.02 (2001, Golden Software Inc., Golden, CO,
USA). The bold line indicates that the saturation model was the best fit (R2 = 0.98) as
compared to quadratic (R2 = 0.49), linear (R2 = 0.19), and null (R2 = 0.00). Fitted
parameters were as follows: (1) Null: B0 (mean of data) = 88.06; linear: B0 = 82.16,
B1 = 0.51; quadratic: B0 = 72.46, B1 = 2.67, B2 = 0.06; saturation: B0 = �73.27,
B1 = 166.84, B2 = 1.11). Refer to Beckage and Stout (2000) for Eqs. (1–4), and
corresponding parameter terms.

1 To appreciate the scale related consequences of differences among species in
sensitivity to lack of burning consider the following hypothetical example. Imagine
two identical 20 m � 50 m 3-year burn interval plots as in our experiment. The first
plot is populated by species A and the second plot is populated by species B. Both
species are initially common in their respective plots such that they occur in each of
the intensive modules and across all of the spatial scales from the smallest 0.01 m2 to
the largest 1000 m2. Next postulate a difference in sensitivity between the two
species. Species A is extremely sensitive to lack of fire and disappears entirely
between treatment intervals. Species B is not quite as sensitive. It declines in
abundance by 80% and is now encountered on average at a scale of 1.0 m2 rather than
at 0.01 m2 as previously. The consequence of the treatment interval is that plot #1 has
declined in species richness at all spatial scales, whereas plot #2 has declined only at
the three smallest scales. Extend this result to many species and it is evident why
communities composed of larger numbers of more highly fire dependent species are
more likely to show significant negative effects of reduced fire frequencies at larger
spatial scales. This also explains the scale related differences between the no burns
and the other treatments in the present study. In the no burns, many species have
disappeared entirely from the plots and one consequently sees reductions at all
spatial scales including the largest. In the 3–4 years the losses have been limited to
the three smallest scales and consequently the significant differences among the
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burned controls. This was true for all spatial scales, but was more
evident as scale increased (Fig. 2). These results resembled the ear-
lier Stoddard Plot results of Mehlman (1992) and Beckage and
Stout (2000), as well as several other studies of southeastern pine
savanna communities (Lewis and Harshbarger, 1976; Walker and
Peet, 1983; Waldrop et al., 1992; Brockway and Lewis, 1997). If
maintaining high levels of vascular plant species richness in pine
savannas is a management goal it is, without any doubt, necessary
to prescribe burn.

The SH, based on the saturation model fit by Beckage and Stout
(2000; their Fig. 6) to Godfrey’s 1972 data (Mehlman, 1992),
predicts no significant difference in species richness among inter-
val burn treatments of 6 years or less. Although this finding was
based on data from a particular spatial scale (0.2 ha), the size of
a Stoddard Fire Plot, there is no indication in Beckage and Stout’s
(2000) Discussion that they intended their hypothesis to be scale
dependent. If there is a threshold fire frequency at which woody
competition is no longer limiting to species richness that threshold
should presumably hold true for all spatial scales. Consequently,
demonstrating a significant difference in species richness at any
scale across the gradient of surviving 1–3 year burn treatments
would contradict the SH. In fact, the results (Fig. 3A–C) did indicate
significant positive effects of fire frequency on species richness at
the three smallest spatial scales (0.01, 0.10, 1.0 m2). The most likely
explanation is that the 6–7 year interval is not the ultimate thresh-
old, and that increases in fire frequency beyond this threshold lead
to further reductions in competition and enhanced opportunities
for herbaceous species establishment and persistence.

Species richness at small-scales in the 4-year mixed treatment
plots reflected the long-term burn history rather than the short
recent period of increased fire frequency. Although the mixed-
treatment plots were not used in calculating contrasts or the
associated regressions, the data points for this treatment did
not fall far off the regression lines fitted to the 1–3 year interval
treatments (Fig. 3A–C).
Consistent with Beckage and Stout (2000), we did not find signif-
icant (t < 1.8, P > 0.15, error df = 4) effects of fire frequency on
species richness at the three largest spatial scales (10, 100,
1000 m2) (Fig. 3D–F). This result contrasts with the findings of
Glitzenstein et al. (2003) who documented significant linear trends
at all CVS plot scales. Two explanations can be suggested for the
discrepancy:

(1) The two long-term studies discussed by Glitzenstein et al.
(2003) resembled the Stoddard Study (as it is now reconsti-
tuted) with respect to experimental design and fire interval
treatments. However the 4-year burn treatments in the
Glitzenstein et al. (2003) studies were not compromised and
the data for this treatment were included in their analyses.
Inclusion of uncompromised 4-year data in our analysis would
have provided an additional data point for determining a
regression or contrast outcome, and thereby increased the
likelihood (i.e. statistical power, see Sokal and Rohlf, 1969,
pp. 163–164) of detecting a weak but significant fire frequency
effect at larger spatial scales.

(2) The Glitzenstein et al. (2003) studies were carried out in intact
native longleaf-pine ground cover consisting in large part of
long-lived perennial herbs. These floristically rich habitats
have higher large scale diversities including rosette and
short-herb life forms sensitive to fire exclusion (Glitzenstein
et al., 2003, see especially Fig. 1 in Ostertag and Robertson,
2007). By contrast, the Stoddard Plots are located in old field
habitats with lower large scale richness and a higher propor-
tion of annual and/or ruderal species (Ostertag and Robertson,
2007). Ruderal species maintain large seed banks and persist
as buried seeds during longer fire free intervals and are there-
fore more highly buffered against negative impacts of reduced
fire frequencies.1

We found more species than found by Godrey in 1972, although
in both cases, there was no effect of fire frequency on species rich-
ness at this largest spatial scale (Fig. 3F). Although our sample plots
were � 50% the size of the whole plot area searched by Godfrey we
found on average � 40 more species per plot. The most likely
explanation for this large difference is that many species were
missed during the earlier survey; perhaps Godfrey did not search
for species in vegetative condition. It is also plausible that the plots
accumulated additional species during the interval between
Godfrey’s 1972 survey and our 2007 resurvey. For example, Mas-
ters and Sparks (ms in prep) documented species accumulation
rates of 1.1 species per year in burn plots in restored Arkansas
pine-bluestem woodlands. Also year to year variation in a species
surviving burn treatments exclusive of the no-burns are at small scales.



Fig. 2. Species richness as a function of scale for the complete set of surviving
Stoddard Fire Plot treatments including the 4-year mixed (long-term 4-year interval
burning followed by recent more frequent fire) and unburned controls. Data points
are connected by lines.
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presence or absence can be highly significant (Sparks et al., 1998),
complicating long-term comparisons.

Promoting richness of alien species is not a management goal.
Hence, some managers may be concerned that our analyses of spe-
cies richness included alien species. However, this was not a con-
cern. Relatively few aliens were encountered (Appendix S1), and
those at low abundance. The graphs and statistical tests with or
without aliens were so similar as to be hardly distinguishable.
Readers wishing to do so may obtain upon request the results of
test runs exclusive of aliens.

3.3. Species composition

Axis 1 of the PCA ordination represented a clear fire frequency
gradient as was readily apparent in the first axis plot scores for
both cover (Fig. 4), and level (Fig. 5) data. Annual and biennial plots
were clustered on the far left-hand, or negative, side whereas the
unburned controls were on the far right-hand or positive side of
the axis. Plots with intermediate burn frequencies, the 3- and 4-
year-mixed plots, occupied an intermediate space along this axis.
The association of the 4-year-mixed plots with the 3-year plots
indicated that species composition of the mixed treatment plots
reflected the long-term history of 4-year interval burning rather
than the recent shift to more frequent fire.

The strong effect of treatment history on first axis plot scores
was confirmed by highly significant omnibus ANOVA F tests
(FLevel = 35.36, df = 4,8, P < 0.001; Fcover = 79.25, df = 4,8, P < 0.001).
These initial tests included the controls and 4-year mixed, and thus
did not directly test the SH prediction of equivalence among short
interval burns. However, when we repeated the ANOVA including
only the 1–3 year treatments the omnibus F tests were still highly
significant (FLevel = 24.5, df = 2,4, P < 0.01; Fcover = 38.02, df = 2,4,
P < 0.01). As a final test, we correlated Axis-1 plot scores (again,
including only 1–3 year treatments) for level and cover with inter-
val between fires. As might be expected, both correlations were
positive and highly significant (r > 0.8, P < .01, n = 9).

Group means of species scores (otherwise known in PCA as fac-
tor loadings) were consistent with and helped to interpret the pat-
tern of plot scores (Fig. 6). Woody species groups (hardwood trees,
large shrubs, woody vines) and the more shade tolerant herbaceous
groups (ferns, shade tolerant forbs, shade tolerant grasses, shade
tolerant sedges), were clustered towards the low fire frequency
end of PCA Axis 1. Dominant perennial herbs, including some spe-
cies typical of high quality longleaf groundcover, occupied the high
fire frequency end of Axis 1. Groups occupying intermediate posi-
tions along this axis included shade tolerant legumes, sub-shrubs,
biennial shrubs (i.e. Rubus spp.), annual ruderal forbs, and several
others. Glitzenstein et al. (2003) suggested that less frequent, typi-
cally hotter (because of higher fuel loads) fires might benefit weedy
species by creating gaps in perennial groundcover and releasing
weed seeds in the seed bank. Results of the current study are mostly
consistent with that suggestion; out of six ruderal species groups
(annual ruderal forbs, annual alien, perennial alien forb, perennial
alien grass, Rubus, annual ruderal grass) all except annual ruderal
grass were associated with intermediate fire frequencies.

The group mean for pine trees (including mostly Pinus taeda and
Pinus echinata and only a few P. palustris) was also associated with
intermediate burn frequencies towards the middle of Axis 1. This
evidently reflected reduced relative abundance of pines in compar-
ison to hardwoods in unburned plots, and lower densities and cov-
ers of loblolly and shortleaf pines in the most frequently burned
plots. It is likely that annual and biennial burns allow insufficient
time between fires for these two pine species to establish and grow
to a fire resistant size (Garren, 1943).

Across the gradient of surviving short-interval plots, the pri-
mary shift in species composition was related to the shift from
biennial to triennial burning. A-priori contrasts of 3-year versus
1–2 year burning for first axis PCA ordination plot scores were sta-
tistically significant for both level (t = 7.13, P = 0.001, error df = 4)
and cover (t = 8.65, P = 0.001, error df = 4). In contrast, the planned
comparison of annual versus biennial burning was not significant
for either level or cover (t’s < 1.2, P’s > 0.3, error df = 4). While a
gradient based on three data points is not adequate to identify a
threshold, it seems plausible that the shift from biennial to trien-
nial burning represented the transition point from herbaceous to
woody dominated understory. This supposition is consistent with
the asymptote for total canopy cover results discussed in Section
3.1 above.

PCA Axis-1, the ‘‘fire axis’’, accounted for 32% of overall species
composition variance of cover data and 37% of compositional var-
iation of level sum data. PCA Axis-2 was not related to fire. Instead
this axis was related to the experimental blocks, with plots within
blocks tending to cluster together (ANOVA F > 5.5, P < 0.05, df = 2,
8; note that all plots including the 4-years and unburned were in-
cluded in this test for block effects). Axis 2 accounted for 16% of
species cover variance and 17% of level sum data. None of the
remaining axes accounted for more than 10% variance and we
did not attempt to interpret these axes.

4. Conclusions and recommendations

The Stoddard Fire Plot study was a unique long-term experi-
ment, and the discontinuation of the longer-interval treatments
represented in many ways a missed opportunity for exploring
many still unanswered questions. Despite this, we believe that
the data we have presented, incorporating some of the final results
from the long interval plots along with more recent data from the
surviving shorter interval treatments, are sufficient to re-evaluate
some of the earlier conclusions of the study.

Beckage and Stout’s (2000) unusually sophisticated analyses of
R.K. Godfrey’s 1972 data supported an asymptotic model of fire fre-
quency effects in the Stoddard Fire Plots which we have termed the
‘‘Saturation Hypothesis’’. According to this model, species richness
increases along with fire frequency until a threshold is reached at
fire return intervals of 6–7 years. Further increases in fire fre-
quency beyond this point do not produce additional increases in



Fig. 3. Fire frequency effects on mean species richness at scales 0.01 to 1000 m2, unburned treatment is not included. Significant linear contrasts are indicated by a solid
regression line through the data (P 6 0.05). To facilitate comparison, data points for the 4-year-mixed treatment plots (open circles), confounded by a recent history of
increased fire frequency (see text), were plotted according to the long-term 4-year burn interval. However, these data were not used in significance tests or line fits. Also
shown in (F) are R.K. Godfrey’s 1972 data for the whole plot scale taken from Mehlman (1992).
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species richness. The species richness threshold is hypothesized to
coincide with an inverse threshold in woody plant competition,
possibly related to canopy openness. When woody competition is
less than the critical threshold herbs are not competitively ex-
cluded and species rich understory is conserved.

The clear inference of the SH for fire management is that burning
every 6–7 years is sufficient to maintain species rich groundcover
vegetation. Our results herein suggest otherwise: (1) Canopy closure
for >2.0 m tall woody plants did indeed follow a saturation curve
with respect to reductions in fire frequency. However, saturation
(i.e. convergence on high steady state canopy closure levels �90%)
occurred at 3 year burn intervals rather than the 6–7 years predicted
by the SH. If a threshold in canopy openness is indeed the critical fac-
tor for maintaining maximal levels of species richness, remaining
above that threshold (i.e. within the range of suitably open canopy)
will depend on annual and biennial fires. (2) The SH postulates
equivalent responses to fire intervals <7 years. Instead, we detected
significant gradients in species richness and composition within the
gradient of surviving short-interval burns. We acknowledge that
three non-confounded treatments spanning the range of 1–3 year
fire intervals is not really sufficient to test a hypothesis pertaining
to a 1–6 year range of treatments. Nevertheless, we consider it unli-
kely that inclusion of the 4–6 year data would have altered our con-
clusions. Consider, first of all, the results of the 4-year mixed
treatment. Although confounded by a recent period of increased fire
frequency and cutting of canopy trees, the mixed treatment plots
still resembled the 3-year plots more closely than the annuals and
biennials. If the 4-years had not been confounded the likely result
would have been even lower species richness and herbaceous cover.
Similarly, inclusion of the 5-year and 6-year plots would likely have
clarified rather than distorted an evident trend. For example, the
periodic burn treatment (which likely approached a 5 or 6 year
interval between burns) in the long-term Santee Study (Lewis and
Harshbarger, 1976; Waldrop et al., 1992; carried out in mesic pine



Fig. 5. Plot scores from PCA ordination of level sum data. Each plot is represented
by a pair of characters. The first character indicates the burn treatment (1, annual
burn; 2, biennial burn; 3, triennial burn; 4, quadrennial burn shifted to 1–2 year
burns in 2000; U, not burned during course of study). The second character (A–C)
indicates blocking.

Fig. 4. Plot scores from PCA ordination of cover data. Each plot is represented by a
pair of characters. The first character indicates the burn treatment (1, annual burn;
2, biennial burn; 3, triennial burn; 4, quadrennial burn shifted to 1–2 year burns in
2000; U, not burned during course of study). The second character (A–C) indicates
blocking.

Fig. 6. Mean species group scores from PCA ordination of level sum data. Group
abbreviations are as follows: AF, annual or biennial Forb; AALIEN, annual alien; ARF,
annual ruderal forb; ARG, annual ruderal grass; BS, biennial shrub; F, perennial
forb; FR, perennial ruderal forb; FA, perennial alien Forb; FERN, native fern; GP,
perennial grass; GPA, perennial alien grass; LEG, perennial legume; P, pine tree, S,
shrub; SEDGE; SSHRUB, sub-shrub; STF, shade tolerant forb; STG, shade tolerant
grass; STL, shade tolerant legume; STS, shade tolerant sedge; T, hardwood tree; V,
woody vine. Groups are mutually exclusive. Species were assigned to a priori groups
based on habitat notes in Clewell (1985) and Weakley (2007), and the experience of
the authors.
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flatwoods near Charleston, SC) was dominated by shrubs and
sprouts with low herbaceous cover.

The Stoddard Plots are not large, and the scale of significant spe-
cies richness effects is even smaller. Are these results then at all
meaningful to management? We would reply in the affirmative
for several reasons. (1) Woody dominated groundcover with sparse
herbs is a very different sort of wildlife habitat than herbaceous
dominated with high small-scale species richness (Masters et al.,
2003). Higher small-scale plant richness translates into higher den-
sities and varieties of food plants, including pollinator resources, for
numerous wildlife species. It is probably not coincidental that many
of the rare and endangered fauna (e.g. Ambystoma cingulatum Cope:
Means, 1996; Picoides borealis Vieillot: James et al., 1997; Gopherus
polyphemos Daudin: Ashton et al., 2008), as well as popular game
species (Masters et al., 2003), of longleaf pine savannas are found
most abundantly on frequently burned, species rich pine sites. (2)
Although we documented plant species richness losses at only the
three smallest spatial scales, this may presage losses at larger
scales. However, even if this is not the case and equilibrium levels
have been attained after 50 years of fires, reduced small-scale rich-
ness still reflects reduced patch sizes and population levels for
many species of herbs. This in turn may increase the vulnerabilities
of these plants to other stresses or management impacts. For exam-
ple, Kelly et al. (2002) used CVS methods to study effects of pine
straw raking on groundcover richness of NC pine savannas. Simi-
larly to our study, they documented declines at small but not large
scales. Cumulative negative impacts of reduced fire frequencies and
pine straw raking may further reduce species richness and nega-
tively impact plant populations. Of particular concern are potential
impacts to threatened and endangered plant species, many of
which occur in pine savannas (Walker, 1993). (3) Changes in
groundcover composition, even at small scales, have feedback ef-
fects with respect to subsequent fire management. Fine live fuel,
especially grass, is critical for carrying fire during marginal burn
conditions whereas fuel composed of larger percentages of hard-
wood leaf litter is less likely to burn (Streng and Harcombe, 1982).

The combination of our new findings, along with the prior work
of Mehlman (1992) and Beckage and Stout (2000), help to clarify
some management recommendations for old field pinelands on for-
mer longleaf sites. If large scale vascular plant species richness is the
primary consideration, between fire intervals as long as 6–7 years
may be adequate. Relatively lengthy fire return intervals may also



Appendix S1
Vascular plant species encountered in the Stoddard Fire Plots. Starred species are alien. For explanation of group abbreviations see legend to Fig. 6.

Scientific name Common name Code Group

Acalypha gracilens Three-Seeded Mercury ACAGRA AF
Acer rubrum Red Maple ACERUB T
Agalinis fasciculata Beach False Foxglove AGAFAS AF
Ageratina aromatica Lesser Snakeroot AGEARO F
Ambrosia artemisiifolia Common Ragweed AMBART ARF
Ampelopsis arborea Peppervine AMPARB V
Andropogon glomeratus Bushybeard ANDGLO GP
Andropogon gyrans Elliot’s Bluestem ANDGYR GP
Andropogon ternarius Splitbeard Bluestem ANDTER GP
Andropogon virginicus Broomsedge ANDVIR GP
Aralia spinosa Devil’s Walkingstick ARASPI S
Aristida purpurascens Arrowleaf Threeawn ARIPUR GP
Aristolochia serpentaria Virginia Snakeroot ARISER F
Asclepias amplexicaulis Clasping Milkweed ASCAMP F
Asclepias variegata Pineland Milkweed ASCOBO F
Asclepias tuberosa Butterflyweed ASCTUB F
Asclepias verticillata Whorled Milkweed ASCVER F
Asimina parviflora Smallflower Pawpaw ASIPAR S
Asplenium platyneuron Ebony Spleenwort ASPPLA FERN
Aster dumosus Rice Button Aster ASTDUM F
Aster lateriflorus Calico Aster ASTLAT STF
Aster tortifolius Dixie Aster ASTTOR F
Aureolaria flava Smooth Yellow False Foxglove AURFLA F
Bidens bipinnata Spanish Needles BIDBIP ARF
Bignonia capreolata Crossvine BIGCAP V
Botrychium dissectum Cut-leaf Grape Fern BOTDIS FERN
Brickellia eupatorioides False Boneset KUHEUP F
Buchnera americana American Bluehearts BUCFLO F
Bulbostylis ciliatifolia Capillary Hairsedge BULCIL SEDGE
Callicarpa americana American Beautyberry CALAME S
Campsis radicans Trumpet Creeper CAMRAD V
Carex floridana Schwein Blackedge Sedge CARDIG STS
Carya alba Mockernut Hickory CARALB T
Carya cordiformis Bitternut Hickory CARCOR T
Carya glabra Pignut Hickory CARGLA T
Ceanothus americanus New Jersey Tea CEAAME SSHRUB
Celtis laevigata Hackberry CELLAE T
Centrosema virginianum Spurred Butterfly Pea CENVIR LEG
Chamaecrista fasciculata Partridge Pea CASFAS AF
Chamaecrista nictitans Sensitive Pea CASNIC AF
Chamaesyce maculata Spotted Sandmat CHAPRO ARF
Chamaesyce nutans Eyebane CHAHYS ARF
Chasmanthium laxum Slender Woodoats CHALAX GP
Chasmanthium sessiliflorum (Poir.) Yates Longleaf Woodoats CHASES STG
Chrysopsis mariana Maryland Goldenaster CHRMAR F
Cirsium horridulum Yellow Thistle CIRHOR AF
Clitoria mariana Atlantic Pigeonwings CLIMAR LEG
Cnidoscolus stimulosus Tread-Softly CNISTI F
Commelina erecta Whitemouth Dayflower COMERE F
Conoclinium coelestinum Mistflower EUPCOE STF
Cornus florida Flowering Dogwood CORFLO T
Crataegus flava Dwarf Hawthorn CRAFLA S
Crotalaria rotundifolia Rabbitbells CROROT LEG
⁄Crotalaria spectabilis Showy Rattlebox CROSPE AALIEN
Croton glandulosusa Doveweed CROGLA ARF
Cuscuta indecora Bigseed Alfalfa Dodder CUSCSPP AF
Cyperus filiculmis Wiry Flatsedge CYPFIL SEDGE
Cyperus lupulinus ssp. lupulinus (R) Great Plains Flatsedge CYPLUP SEDGE
Cyperus plukenetii Plukenet’s Flatsedge CYPPLU SEDGE
Cyperus retrorsus Pinebarren Flatsedge CYPOVU SEDGE
Cyperus sp. Flatsedge CYPSPP SEDGE
Dalea pinnata Summer Farewell PETPIN LEG
Desmodium ciliare Hairy Small-Leaf Ticktrefoil DESCIL LEG
Desmodium fernaldii Fernald’s Ticktrefoil DESFER LEG
Desmodium floridanum Florida Ticktrefoil DESFLO LEG
Desmodium glabellum Dillenius’ Ticktrefoil DESGLA STL
Desmodium laevigatum Smooth Ticktrefoil DESLAE LEG
Desmodium lineatum Sand Ticktrefoil DESLIN LEG
Desmodium marilandicum Maryland Ticktrefoil DESMAR LEG
Desmodium nuttallii Nuttall’s Ticktrefoil DESNUT LEG
Desmodium obtusum Stiff Ticktrefoil DESOBT LEG
Desmodium paniculatum Panicledleaf Ticktrefoil DESPAN STL
Desmodium perplexum Perplexed Ticktrefoil DESPER LEG
Desmodium strictum Pinebarren Ticktrefoil DESSTR LEG

(continued on next page)
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Appendix S1 (continued)

Scientific name Common name Code Group

Desmodium viridiflorum Velvetleaf Ticktrefoil DESVIRID LEG
Dichanthelium aciculare Needleleaf Witchgrass DICACI GP
Dichanthelium acuminatum v acuminatum Tapered Witchgrass DICACU GP
Dichanthelium commutatum Variable Witchgrass DICCOM GP
Dichanthelium dichotomum v dichotomum Cypress Witchgrass DICDICVDIC GP
Dichanthelium laxiflorum Openflower Witchgrass DICLAX STL
Dichanthelium oligosanthes Heller’s Witchgrass DICOLI GP
Dichanthelium ovale Eggleaf Witchgrass DICOVA GP
Dichanthelium ravenelii Ravenel’s Witchgrass DICRAV GP
Dichanthelium sphaerocarpon Roundseed Witchgrass DICSPH GP
Dichanthelium tenueb White-Edged Witchgrass DICTEN GP
Digitaria villosa (Walter) Pers. Shaggy Crabgrass DIGSPP ARG
Diodia teres Poor Joe DIOTER ARF
Dioscorea villosa Common Wild Yam DIOVIL STF
Diospyros virginiana Common persimmon DIOSVIR T
Elephantopus carolinianus Carolina Elephantsfoot ELECAR STF
Elephantopus elatus Tall Elephantsfoot ELEELA F
Eragrostis refracta (Muhl.) Scrib. Coastal Lovegrass ERAREF GP
Eragrostis spectabilis Purple Lovegrass ERASPE GP
Eragrostis sp. Lovegrass ERAGROSTIS GP
Erigeron strigosus var. strigosus Prairie Fleabane ERISTR ARF
Erythrina herbacea Coralbean ERYHER STL
Eupatorium compositifolium Yankeeweed EUPCOM FR
Eupatorium hyssopifolium Hyssopleaf Thoroughwort EUPHYS F
Euphorbia pubentissima False Flowering Spurge EUPCOR STF
Euthamia caroliniana Slender Goldenrod EUTHAMIA FR
Fleischmannia incarnata Pink Thoroughwort FLEINC STF
Fraxinus americana White Ash FRAAME T
Galactia volubilis Downy Milkpea GALVOL LEG
Galium hispidulum Coastal Bedstraw GALHIS STF
Galium pilosum Hairy Bedstraw GALPIL F
Galium uniflorum Oneflower Bedstraw GALUNI STF
Gelsemium sempervirens Carolina Jessamine GELSEM V
Gentiana villosa Striped Gentian GENVIL STF
Glandularia canadensis Rose Mock Vervain GLACAN F
Gonolobus suberosus Milkvine MATELEA STF
Gymnopogon ambiguus Bearded Skeletongrass GYMAMB GP
Habenaria quinqueseta (R) Longhorn False Reinorchid HABQUI F
Hedyotis procumbens Innocence HEDPRO F
Helianthemum carolinianum Carolina Frostweed HELCAR F
Helianthus angustifolius Narrowleaf Sunflower HELANG F
Helianthus strumosus Paleleaf Woodland Sunflower HELSTR F
Hibiscus aculeatus Comfortroot HIBACU F
Hieracium gronovii Hawkweed HIEGRO F
Heteropogon melanocarpus Sweet Tanglehead HETMEL ARG
Hypericum hypericoides St. Andrew’s Cross HYPHYP SSHRUB
Hypoxis sessilis Glossyseed Yellow Stargrass HYPOXIS F
Ilex opaca American Holly ILEOPA T
Ilex vomitoria Yaupon ILEVOM S
Ipomoea lacunosa Whitestar IPOLAC F
Ipomoea pandurata Man-of-the-Earth IPOPAN F
Jacquemontia tamnifolia Hairy Clustervine JACTAM ARF
Lactuca graminifolia Grassleaf Lettuce LACTUCA ARF
Lechea minor Thymeleaf Pinweed LECMIN F
Lechea pulchella Pinweed LECPUL F
Lespedeza angustifolia Narrowleaf Lespedeza LESANG LEG
Lespedeza hirta Hairy Lespedeza LESHIR LEG
Lespedeza procumbens Trailing Lespedeza LESPRO LEG
Lespedeza repens Creeping Lespedeza LESREP LEG
Lespedeza stuvei Tall Lespedeza LESSTU LEG
Lespedeza virginica Slender Lespedeza LESVIR LEG
Liatris graminifolia Grassleaf Gayfeather LIAGRAM F
Liquidambar styraciflua Sweetgum LIQSTY T
⁄Lygodium japonicum Japanese Climbing Fern LYGJAP FERNA
Malus angustifolia Southern Crabapple MALANG S
Magnolia grandiflora Southern Magnolia MAGGRA T
Manfreda virginica (L.) Salisb. ex Rose False Aloe MANVIR F
Melothria pendula Creeping Cucumber MELPEN ARF
Mimosa quadrivalvis Sensitive Brier MIMQUA LEG
Mitchella repens Partridgeberry MITREP STF
Monotropa uniflora Indianpipe MONUNI STF
Morus rubra Red Mullberry MORRUB T
Myrica cerifera Wax Myrtle MYRCER S
Nyssa sylvatica Blackgum NYSSYL T
Oplismenus hirtellus ssp. setarius Woodsgrass OPLHIR STG
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Appendix S1 (continued)

Scientific name Common name Code Group

Oxalis dillenii Common Yellow Woodsorrel OXACOR STF
Panicum anceps Beaked Panicum PANANC GP
Parthenocissus quinquefolia Virginia Creeper PARQUI V
Paspalum floridanum Florida Paspalum PASFLO GP
Paspalum laeve Field Paspalum PASLAE GP
⁄Paspalum notatum Bahiagrass PASNOT GPA
Paspalum plicatulum Brownseed Paspalum PASPLI GP
Paspalum setaceum Thin Paspalum PASSET GP
Passiflora incarnata Purple Passionflower PASINC FR
Physalis arenicola Cypresshead Groundcherry PHYLON F
Pinus echinata Shortleaf Pine PINECH P
Pinus palustris Longleaf Pine PINPAL P
Pinus taeda Loblolly Pine PINTAE P
Piriqueta caroliniana Pitted Stripeseed PIRCAR F
Pityopsis adenolepis (Fern.) Semple Silkgrass PITADEN F
Pityopsis graminifolia Grassleaf Goldenaster PITGRA F
Pleopeltis polypodioides ssp. michauxiana Resurrection Fern PLEPOL FERN
Polygala grandiflora Showy Milkwort POLGRAN F
Polygala polygama Racemed Milkwort POLPOL AF
Prunus caroliniana Carolina Laurelcherry PRUCAR T
Prunus serotina Black Cherry PRUSER T
Prunus angustifolia Chickasaw Plum PRUUMB S
Quercus alba White Oak QUEALB T
Quercus falcata Southern Red Oak QUEFAL T
Quercus hemisphaerica Upland Laurel Oak QUEHEM T
Quercus marilandica Blackjack Oak QUEMAR T
Quercus michauxii Basket Oak QUEMIC T
Quercus nigra Water Oak QUENIG T
Quercus phellos Willow Oak QUEPHE T
Quercus stellata Post Oak QUESTE T
Quercus virginiana Live Oak QUEVIR T
Rhus copallinum Winged Sumac RHUCOP S
Rhynchosia difformis Doubleform Snoutbean RHYDIF LEG
Rhynchospora harveyi Harvey’s Beaksedge RHYHAR SEDGE
Rhynchospora globularis var. globularis Globe Beaksedge RHYGLO SEDGE
Rubus argutus Sawtooth Blackberry RUBARG BS
Rubus cuneifolius Sand Blackberry RUBCUN BS
Rubus flagellaris Northern Dewberry RUBFLA BS
Rubus trivialis Southern Dewberry RUBTRI BS
Ruellia caroliniensis Carolina Wild Petunia RUECAR STF
Saccharum alopecuriodes Silver Plumegrass SACALO GP
Saccharum brevibarbe var. contortum Bentawn Plumegrass SACBRE GP
Sanicula canadensis Canadian Blacksnakeroot SANCAN STF
Sassafras albidum Sassafras SASALB T
Schizachyrium tenerum Slender Bluestem SCHTEN GP
Scleria ciliata Fringed Nutrush SCLCIL SEDGE
Scleria oligantha Littlehead Nutrush SCLOLI STS
Scleria triglomerata Whip Nutrush SCLTRI SEDGE
Sebastiana fruticosa Gulf Sebastiana SEBFRU S
⁄Senna obtusifoliac Sicklepod CASOBT AALIEN
Setaria corrugata Coastal Bristlegrass SETCOR GP
⁄Setaria pumila Yellow Bristlegrass SETPUM ARG
Sida elliottii (R-GA-special concern) Elliott’s Fanpetals MALVACEAE F
Silphium asteriscus var. dentatum Starry Rosinweed SILAST F
Smallanthus uvedalia Hairy Leafcup SMAUVE STF
Smilax bona-nox Saw Greenbrier SMIBON V
Smilax glauca Cat Greenbrier SMIGLA V
Smilax pumila Sarsaparilla Vine SMIPUM V
Smilax smallii Jackson Vine SMISMA V
Smilax tamnoides Bristly Greenbrier SMITAM V
Solidago canadensis var. scabra Canada Goldenrod SOLCAN FR
Solidago nemoralis Dyersweed Goldenrod SOLNEM F
Solidago odora Anisescented Goldenrod SOLODO F
Solidago brachyphylla Dixie Goldenrod SOLROS2 F
Sorghastrum elliottii Slender Indiangrass SORELL GP
Sorghastrum nutans Yellow Indiangrass SORNUT GP
Sphenopholis filiformis Longleaf Wedgescale SPEFIL GP
Spiranthes sp. Ladiestress SPISPP F
Sporobolus clandestinus (Biehler) Hitchc. Hidden Dropseed SPOCLA GP
Sporobolus junceus Pineywoods Dropseed SPOJUN GP
Strophostyles umbellata Pink Fuzzybean STRUMB LEG
Stylosanthes biflora Sidebeak Pencilflower STYBIF LEG
Tephrosia spicata Spiked Hoarypea TEPSPI LEG
Toxicodendron radicans Eastern Poison Ivy TOXRAD V
Tragia urens Wavyleaf Noseburn TRAURE F

(continued on next page)
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Appendix S1 (continued)

Scientific name Common name Code Group

Tragia urticifolia Nettleleaf Noseburn TRAURT F
Trichostema dichotomum Forked Bluecurls TRIDIC AF
Tridens flavus Purpletop TRIFLA STG
Vaccinium arboreum Sparkleberry VACARB S
Vaccinium elliottii Chapm. Elliott’s Highbush Blueberry VACELL S
Vaccinium stamineum Deerberry VACSTA S
⁄Verbena brasiliensis Brazilian Vervain VERBRA FA
Vernonia ovalifolia Torr. & A. Gray Oval-Leaf Ironweed VERGIG STF
Verbesina virginica var. virginica Frostweed VERVIR STF
Viburnum nudum Possumhaw VIBSPP S
Viola affinis Early Blue Violet VIOSEP F
Vitis aestivalis var. aestivalis Summer Grape VITAES V
Vitis cinerea var. baileyana Florida Grape VITCIN V
Vitis rotundifolia Muscadine VITROT V

a Widespread in tropical and subtropical America, original range is obscure. It is listed as alien by Weakley (2007) and native in at least part of FL by Wunderlin (1998).
Given the uncertainty it is listed here as native and included as such in the analyses.

b (Muhlenberg) Freckmann & Lelong.
c Perhaps native in tropical south FL (Wunderlin, 1998) but is invasive in north FL including our study site (Weakley, 2007).
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be desired to maintain shrub or sprout cover for certain wildlife spe-
cies, to manage for rare shrub species or communities, or to promote
more shade tolerant herbs. More typical management goals in pine
savannas involve reductions in woody cover and increases in herba-
ceous cover and richness across a variety of spatial scales. Our results
herein are consistent with several prior studies (Walker and Peet,
1983; Waldrop et al., 1992; Brockway and Lewis, 1997; Haywood
and Grelen, 2000; Glitzenstein et al., 2003, and references therein)
indicating the need for short interval (1–2 year) fires to achieve
these goals. This conclusion is not necessarily inconsistent with Hin-
man and Brewer’s (2007) finding that occasional somewhat longer
fire free intervals may be critical for reproduction and establishment
of certain ground layer plant species. It may be that there are long-
leaf habitats where the MFFH does not apply, e.g. very xeric sandhills
(Beckage and Stout, 2000) or very wet savannas (Streng and Har-
combe, 1982; Hinman and Brewer, 2007; although wet savanna
habitats investigated by Glitzenstein et al., 2003 developed into
shrub bogs with long-term 4-year interval burns). Additional long-
term experiments are needed to test these possibilities.

Although unintended, the 4-year mixed treatment provided an
interesting opportunity to examine the effect of a shift to suitably
frequent fire after a long period of less frequent burning. Despite
five fires over a seven year period, the composition and small-scale
richness of these plots still primarily reflected the previous history
of longer interval burning. Evidently repeated fires over a much
longer period are needed to reduce hardwood sprouts and restore
herbaceous dominance.

The discussion and conclusions of this study are applicable pri-
marily if not entirely to pine savanna ecosystems of the southeast-
ern US, and care should be taken in applying these results to other
fire maintained systems. Sufficient studies have now accumulated
to suggest that there are indeed meaningful differences among sa-
vanna/woodland systems and eco-regions in relationships of fire
regimes to species richness (e.g. Collins et al., 1995; Laughlin and
Grace, 2006; Watson and Morris, 2006; Peterson and Reich,
2008; Beckage et al., 2009; Bond and Parr, 2010; and references ci-
ted within those publications). In some systems it appears that
vascular plant species richness may indeed decline with overly fre-
quent fire (Collins et al., 1995; Laughlin and Grace, 2006; Watson
and Morris, 2006; Peterson and Reich, 2008). To the extent that
the MFFH applies anywhere outside the longleaf pine region, it will
likely do so in areas sharing the following characteristics with
longleaf pine savannas: (a) a long evolutionary history of very fre-
quent low intensity fire, (b) a preponderance of perennial herba-
ceous species adapted to survive and re-sprout after even very
closely spaced fires, (c) sufficiently productive climate and soils
so that species are competitively excluded during longer intervals
between fires, (d) competitiveness of dominant ground layer spe-
cies, e.g. C4 grasses, is curtailed rather than enhanced by closely
spaced fires.

Acknowledgements

Funding for this research was provided by a Tall Timbers Beadel
Fellowship and through the Tall Timbers Wildlife Research Endow-
ment. We gratefully acknowledge Kaye Gainey for assistance with
formatting and word processing, and two anonymous reviewers
for comments on an earlier draft of the manuscript.
Appendix

See Appendix S1.

References

Ashton, K.G., Engelhardt, B.M., Branciforte, B.S., 2008. Gopher tortoise (Gopherus
polyphemus) abundance and distribution after prescribed fire reintroduction to
Florida scrub and sandhill at Archbold Biological Station. J. Herpetol. 42, 523–
529.

Beckage, B., Stout, I.J., 2000. Effects of repeated burning in Florida pine savannas: a
test of the intermediate disturbance hypothesis. J. Veg. Sci. 11, 113–122.

Beckage, B., Platt, W.J., Gross, L., 2009. Vegetation, fire and feedbacks: a disturbance
mediated model of savannas. Am. Nat. 174, 805–818.

Bond, W.J., Parr, C.L., 2010. Beyond the forest edge: ecology, diversity and
conservation of the grassy biomes. Biol. Conserv. 143 (10), 2395–2404.

Brockway, D.G., Lewis, C.E., 1997. Long-term effects of dormant-season prescribed
fire on plant community diversity, structure and productivity in a longleaf pine
wiregrass ecosystem. Forest Ecol. Manage. 96, 167–183.

Brooks, H.K., 1982. Guide to the Physiographic Divisions of Florida. Florida
Cooperative Extension Service, Institute of Food & Agricultural Science.
University of Florida, Gainesville, FL, USA.

Brown, R.B., Stone, E.L., Carlisle, V.W., 1990. Soils. In: Myers, R.L., Ewel, J.J. (Eds.),
Ecosystems of Florida. University of Central Florida Press, Orlando, FL, USA, pp.
35–69.

Chen, E., Gerber, J.F., 1990. Climate. In: Myers, R.L., Ewel, J.J. (Eds.), Ecosystems of
Florida. University of Central Florida Press, Orlando, FL, USA, pp. 11–34.

Clewell, A.F., 1985. Guide to the Vascular Plants of the Florida Panhandle. University
Presses of Florida, Florida State University Press, Tallahassee, FL, USA.

Collins, S.L., Glenn, S.M., Gibson, D.G., 1995. Experimental analysis of intermediate
disturbance and initial floristic composition: decoupling cause and effect.
Ecology 76, 486–492.

Frost, C.C., 1998. Presettlement fire frequency regimes of the United States: a first
approximation. Tall Timbers Fire Ecol. Conf. Proc. 20, 70–81.

Garren, K.H., 1943. Effects of fire on vegetation of the southeastern United States.
Bot. Rev. 9, 617–654.

Glitzenstein, J.S., Streng, D.R., Wade, D.D., 2003. Fire frequency effects on longleaf
pine vegetation in South Carolina and northeast Florida. Nat. Areas J. 23, 22–37.



J.S. Glitzenstein et al. / Forest Ecology and Management 264 (2012) 197–209 209
Haywood, J.D., Grelen, H.E., 2000. Twenty years of prescribed burning influence the
development of direct seeded longleaf pine on a wet pine site in Louisiana.
South J. Appl. Forest. 24, 86–92.

Henderson, J. 2006. Dendroclimatogical analysis and Fire History of Longleaf Pine
(Pinus palustris Mill.) in the Atlantic and Gulf Coastal Plain. PhD Dissertation,
University of Tennessee, Knoxville, TN, US, p. 463.

Hermann, S.H., 1995. Stoddard Fire Plots: Lessons for Land Management Thirty-Five
Years Later. Tall Timbers Game Bird Seminar Proceedings, Tall Timbers Research
Station, Tallahassee, FL, USA, p. 13–20.

Higgins, S.I., Bond, W.J., February, E.C., Bronn, A., Euston Brown, D.I.W., Enslin, B.,
Govender, N., Rademan, L., O’Regan, S., Potgeiter, A.L.F., Scheiter, S., Sowry, R.,
Trollope, L., Trollope, W.S.W., 2007. Effects of four decades of fire manipulation
on woody vegetation structure in savanna. Ecology 88, 1119–1125.

Hinman, S.E., Brewer, J.S., 2007. Responses of two frequently burned pine savannas
to an extended period without fire. J. Torrey Bot. Soc. 134, 512–526.

Huffman, J.M., 2006. Historical fire regimes in southeast pine savannas. PhD
Dissertation. Louisiana State University, Baton Rouge, LA, USA, p. 71.

James, F.C., Hess, C.A., Kufrin, D., 1997. Species-centered environmental analysis:
indirect effects of fire history on red-cockaded woodpeckers. Ecol. Appl. 7, 118–
129.

Kartesz, J.T., 1994. A Synonymized Checklist of the Vascular Flora of the United
States Canada and Greenland, second ed. Timber Press, Portland, OR, USA, p.
622.

Kelly, L.A., Wentworth, T.R., Brownie, C., 2002. Scaling species dynamics in Pinus
palustris communities: effects of pine straw raking. J. Veg. Sci. 13, 755–764.

Knapp, E.E., Estes, B.L., Skinner, C.N., 2009. Ecological Effects of Prescribed Fire
Season: A Literature Review and Synthesis for Managers. USDA Forest Service,
Gen. Tech. Rep. PSW-GTR-224, Albany, CA, USA, p. 80.

Komarek, E.V., 1977. Tall Timbers Research Station: A Quest for Ecological
Understanding. Tall Timbers Research Station Miscellaneous Publication No.
5, Tallahassee, FL, USA, p. 140.

Laughlin, D.C., Grace, J.B., 2006. A multivariate model of plant species richness in
forested systems: old growth montane forests with a long history of fire. Oikos
114, 60–70.

Lewis, C.E., Harshbarger, T.J., 1976. Shrub and herbaceous vegetation after 20 years
of prescribed burning in the South Carolina Coastal Plain. J. Range Manage. 29,
13–18.

Masters, R.E., Robertson, K., Palmer, B., Cox, J., McGorty, K., Green, L., Ambrose, C.,
2003. Red Hills Forest Stewardship Guide. Miscellaneous Publication No. 12,
Tall Timbers Research Station, Tallahassee, FL, 78p..

Means, D.B., 1996. Effects of slash pine silviculture on a Florida population of
flatwoods salamander. Conserv. Biol. 10, 426–437.

Mehlman, D.W., 1992. Effects of fire on plant community composition of North
Florida second growth pineland. Bull. Torrey Bot. Club 119, 376–383.

Noss, R.F., LaRoe, E.T., Scott, J.M., 1995. Endangered Ecosystems of the United States:
A Preliminary Assessment of Loss and Degradation. USDI National Biological
Service, Biological Report 28, Washington, DC, USA.

Ostertag, T.E., Robertson, K.M., 2007. A comparison of native versus old-field
vegetation in upland pinelands managed with frequent fire, South Georgia, USA.
Tall Timbers Fire Ecol. Conf. Proc. 23, 109–120.

Outcalt, K.W., 2008. Lightning, fire, and longleaf pine: using natural disturbance to
guide management. Forest Ecol. Manage. 255, 3351–3359.

Paisley, C., 1968. From Cotton to Quail: An Agricultural Chronicle of Leon County, FL,
1860-1967. University Presses of Florida, Gainesville, FL, USA.

Peet, R.K., Allard, D.J., 1993. Longleaf pine vegetation of the southern Atlantic and
east Gulf Coast regions: a preliminary classification. Tall Timbers Fire Ecol. Conf.
Proc. 18, 45–81.
Peet, R.K., Wentworth, T.R., White, P.S., 1998. A flexible multipurpose method for
recording vegetation composition and structure. Castanea 63, 262–274.

Peterson, D.W., Reich, P.B., 2008. Fire frequency and tree canopy structure influence
plant species diversity in a forest-grassland ecotone. Plant Ecol. 194, 5–16.

Pyne, S.J., 1982. Fire in America: A Cultural History of Wildland and Rural Fire.
Princeton University Press, Princeton, US.

Robbins, L.E., Myers, R.L., 1992. Seasonal Effects of Prescribed Burning in Florida: A
Review. Tall Timbers Research Station Miscellaneous Publication No. 8,
Tallahassee, FL, USA, p. 96.

Rosenthal, R., Rosnow, R.L., 1985. Contrast Analysis: Focused Comparisons in the
Analysis of Variance. Cambridge University Press, NY, USA, p. 107.

Sanders, T.E., 1981. U.S. Dept. of Agriculture, Soil Conservation Service and Forest
Service. Soil Survey of Leon County, Florida. In: Cooperation with University of
Florida, IFAS and Agricultural Experiment Station, Soil Science Department, and
Florida Department of Agriculture and Consumer Services, p. 151.

Snedecor, G.W., Cochran, W.G., 1967. Statistical Methods, sixth ed. Iowa State
University Press, Ames, IA, USA, p. 593.

Soil Survey Staff, 2010. USDA, Natural Resources Conservation Service, Official Soil
Series Descriptions. Available from: <http://soils.usda.gov/technical/
classification/osd/index.html>.

Sokal, R.R., Rohlf, F.J., 1969. Biometry. W.H. Freeman and Co., San Francisco, CA, USA,
p. 776.

Sparks, J.C., Masters, R.E., Engle, D.M., Palmer, M.W., Bukenhofer, G.A., 1998. Effects
of growing-season and dormant-season prescribed fire on herbaceous
vegetation in restored pine-grassland communities. J. Veg. Sci. 9, 133–142.

Streng, D.R., Harcombe, P.A., 1982. Why don’t east Texas savannas grow up to
forest? Am. Midland Nat. 108, 278–294.

Streng, D.R., Glitzenstein, J.S., Platt, W.J., 1993. Evaluating effects of season of burn
in longleaf pine forests: a critical literature review and some results from an
ongoing long-term study. Tall Timbers Fire Ecol. Conf. Proc. 18, 227–263.

Tall Timbers Research Station, 1962. Tall Timbers Research Station Fire Ecology
Plots. Tall Timbers Research Station Bulletin No. 2, Tallahassee, FL, USA.

Ter Braak, C.J.F., 1995. Ordination. In: Jongman, R.H.G., Ter Braak, C.J.F., van
Tongeren, O.F.R. (Eds.), Data Analysis in Community and Landscape Ecology.
Cambridge University Press, Cambridge, UK, pp. 91–173.

Ter Braak, C.J.F., Smilauer, P., 2002. CANOCO Reference Manual and CanoDraw for
Window’s User’s Guide: Software for Canonical Community Ordination (version
4.5). Microcomputer Power, Ithaca, NY, USA, p. 500.

Waldrop, T.A., White, D.L., Jones, S.M., 1992. Fire regimes for pine-grassland
communities in the southeastern United States. Forest Ecol. Manage. 47, 195–
210.

Walker, J., 1993. Rare vascular plant taxa associated with longleaf pine ecosystems:
patterns in taxonomy and ecology. Proc. Tall Timbers Fire Ecol. Conf. 18, 105–
126.

Walker, J., Peet, R.K., 1983. Composition and species diversity of pine-wiregrass
savannas of the Green Swamp, North Carolina. Vegetatio 55, 163–179.

Watson, P., Morris, E.C., 2006. Effects of fire frequency in western Sydney’s grassy
Cumberland Plain woodland and implications for management. In: Bushfire
Conference 2006, Brisbane, 6-9 June 2006, p. 4. Available from: <http://
www.griffith.edu.au/conference/bushfire2006/>.

Weakley, A.S., 2007. Flora of the Carolinas, Virginia, Georgia, and Surrounding
Areas: Working Draft of 11 January 200. University of North Carolina
Herbarium, Chapel Hill, NC, p. 1015.

Wunderlin, R.P., 1998. Guide to the Vascular Plants of Florida. University Press of FL,
Gainesville, FL, USA, p. 806.

http://soils.usda.gov/technical/classification/osd/index.html
http://soils.usda.gov/technical/classification/osd/index.html
http://www.griffith.edu.au/conference/bushfire2006/
http://www.griffith.edu.au/conference/bushfire2006/

	Fire-frequency effects on vegetation in north Florida pinelands: Another look  at the long-term Stoddard Fire Research Plots at Tall Timbers Research Station
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Experimental design
	2.3 Vegetation methods
	2.3.1 2007
	2.3.2 1999

	2.4 Analyses
	2.4.1 2007
	2.4.2 1999


	3 Results and discussion
	3.1 Canopy cover
	3.2 Species richness
	3.3 Species composition

	4 Conclusions and recommendations
	Acknowledgements
	Appendix
	References


