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Abstract

Background Shortleaf pine is a fire-adapted tree species, and prescribed fire is commonly used to increase its
regeneration success, improve wildlife habitat, and reach conservation objectives associated with open forest ecosys-
tems. We studied direct effects of heat and smoke on shortleaf pine germination in a greenhouse study and effects
of season of burning on the number of new germinants in a field study. Improved understanding of fire effects

on shortleaf pine seed and regeneration success can help refine burn prescriptions to better meet specific manage-
ment objectives.

Results Temperatures > 120 °C eliminated germination of shortleaf pine seeds in a greenhouse trial, and exposure
of seeds to 60 °C resulted in no reduction in germination compared to the unheated control regardless of duration
of exposure. At 80 °C, duration of heat exposure mattered, with exposure for 10 min reducing germination compared
to unheated controls. Smoke exposure had no effect on germination. A field experiment showed that fall burns
(prior to seedfall) resulted in greater initial germinant counts than early spring burns (after seedfall but before ger-
mination) or unburned controls, which both resulted in greater initial germinant counts than late spring burns (after
germination).

Conclusions Season of prescribed burning can affect the success of shortleaf pine germination. Late spring burning
resulted in high mortality of young germinants. Burning in early spring likely resulted in direct damage to some seeds
due to heating but may have also had indirect benefit by exposing mineral soil. Fall burning, before the dispersal

of shortleaf pine seed, yielded the highest germinant count and is recommended if improving natural regeneration
from seed is the primary objective.
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Resumen

Antecedentes El pino amarillo o pino de hoja corta, es un arbol adaptado al fuego, y las quemas prescritas son
comunmente usadas para incrementar el éxito en su regeneracion, mejorar el hdbitat para la fauna silvestre, y con-
seguir objetivos de conservacion asociados con ecosistemas forestales abiertos. Estudiamos los efectos directos del
calory del humo en la germinacion del pino de hoja corta en condiciones de invernadero y los efectos de la estacion
de quema en nuevas semillas germinantes en condiciones de campo. Una mejora en el conocimiento de los efectos
del fuego en la germinacion de semillas de pino de hoja corta y del éxito en la regeneracién pude refinar las prescrip-
ciones de quema para lograr mejorar los objetivos especificos de manejo.
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Resultados Temperaturas> 120 °C eliminaron la germinacién de semillas de pino de hoja corta en el ensayo en
vivero, y la exposicion de semillas a 60 °C no resulté en una reduccion en la germinacién comparada con semil-

las no tratadas (control), independientemente de la duracién del tempo de exposicion. A 80 °C, la duracion de la
exposicion al calor tuvo efectos, como que la exposicion al calor por 10 minutos redujo la germinacion comparada
con el control no expuesto al calor. La exposicién al humo no tuvo efectos sobre la germinacion. El experimento de
campo mostré que las quemas de otofio (previas a la lluvia de semillas) resultaron en un conteo de mayor germi-
nacion inicial que las quemas de primavera temprana (luego de la lluvia de semillas, pero antes de la germinacién) o
en parcelas no quemadas, las que resultaron en mayores conteos de geminacion iniciales que luego de las quemas
en la primavera tardia (después de la germinacién.

Conclusiones La estacién de quemas prescritas puede afectar el éxito en la germinacion del pino de hoja corta. Las
quemas en la primavera tardia resultaron en una alta mortalidad de plantulas recién emergidas. Las quemas en la
primavera temprana resultaron en dafos directos sobre algunas semillas debido al calentamiento, pero también se
podrian haber beneficiado indirectamente al exponer el suelo mineral. Las quemas de otofio, antes de la dispersion
de las semillas del pino de hoja corta, alcanzaron los nimeros de germinacién mas altos, y son las recomendadas si la
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mejora en la regeneracion natural por semilla es el principal objetivo.

Background

Fire is an important ecosystem process that affects for-
est structure, composition, and function. In the eastern
United States, changes in forest ecosystems over the past
century, including increased tree densities and shifts to
more fire-sensitive, mesic species, have been attributed,
in part, to changes in fire regimes (Nowacki and Abrams
2008; Hanberry et al. 2020). The effects of fire on for-
est composition may be related to several factors, such
as differential rates of removal through mortality (Hud-
dle and Pallardy 1996) or impacts on the success of tree
establishment during regeneration (Brose 2014). Tree
regeneration is a complicated process that includes sev-
eral stages (seed production; germination; seedling sur-
vival; sustained growth) (Dey et al. 2019; Grubb 2021).
Failure at any of these stages can prevent regeneration.
Following seed production, fire may affect regenera-
tion outcomes through (1) direct effects on seeds, such
as stimulating or inhibiting germination through heat or
smoke; (2) effects on seedbed conditions; and (3) reduced
competition for developing seedlings. As a result, suc-
cessfully incorporating fire into regeneration prescrip-
tions requires an understanding of the prevailing fire
regime’s effects on each stage of the regeneration process
(Arthur et al. 2012).

In the eastern United States, shortleaf pine (Pinus
echinata) occurs in forests and woodlands adapted
to frequent surface fires, but such forests have greatly
decreased in abundance and extent over the past few
centuries. Before European colonization, shortleaf pine
covered approximately 300,000 km? (30,000,000 ha)
(Anderson et al. 2016) but has been reduced to approxi-
mately 25,000 km? (2,500,000 ha) (Oswalt al., 2012) or
only 8% of historic abundance. This precipitous decline
was primarily caused by overharvesting followed by

widespread and effective fire exclusion efforts that facili-
tated conversion to hardwood species in many harvested
areas. At present, most areas with mature shortleaf pine
remaining in the overstory lack sufficient shortleaf pine
seedlings and saplings to naturally regenerate (Moser
et al. 2007; Vickers et al. 2019), even following timber
harvests that increase understory light levels (Olson
et al. 2017). Given the historic importance of fire in
shortleaf pine ecosystems, prescribed burning is com-
monly recommended for improving regeneration suc-
cess. Shortleaf pine is capable of resprouting following
topkill, a trait that is important to its success in ecosys-
tems with relatively frequent fire regimes, and several
studies examine the sprouting response of shortleaf pine
to prescribed burning (Dey and Hartman 2005; Lilly
et al. 2012; Clabo and Clatterbuck 2019). In areas cur-
rently lacking shortleaf pine advance reproduction, initial
establishment of regeneration from seed appears to be an
important bottleneck in the regeneration process, yet few
studies examine the effects of prescribed burning on ger-
mination of shortleaf pine seeds.

Germination of shortleaf pine seed requires contact
with mineral soil, and the accumulation of leaf litter on
the forest floor reduces seedling establishment (Grano
1949; Baker 1992). In the Missouri Ozarks, Stambaugh
and Muzika (2007) found that the number of regener-
ating shortleaf pine seedlings decreased as litter depth
increased from 2.5 to 6 cm, and no shortleaf pine seed-
lings were found when litter depth exceeded 6 cm. Pre-
scribed burning can improve seedbed conditions by
removing accumulated litter, thereby increasing the
abundance of shortleaf pine seedlings. However, no
information is available about possible direct effects of
heat or smoke on shortleaf pine germination. Shortleaf
pine primarily disperses seeds in November and
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December (Bramlett 1965; Cain 1991), and seeds are
then cold stratified during the winter and germinate
in early spring (Lawson 1990). Therefore, prescribed
burns applied before seedfall would reduce leaf litter
without direct effects on the seed, whereas prescribed
burns during the winter and spring dormant seasons
may have additional, direct effects on seeds.

In fire-adapted ecosystems, the direct effects of fire
on plant seeds vary, with germination of some spe-
cies triggered by fire-related cues. This may be caused
by exposure to heat, as for bay cedar (Guazuma ulmi-
folia) (Dayamba et al. 2008), red acacia (Acacia seyal),
and multiple Desmodium species in Ethiopian savan-
nas (Gashaw and Michelsen, 2002), or by exposure
to smoke, as seen in species of Cistaceae, Poaceae,
Fabaceae, and Asteraceae in Spanish woodlands (Pérez-
Fernandez and Rodriguez-Echeverria, 2003). Though
pine seeds are not commonly stimulated to germinate
by smoke exposure, the seeds of Douglas pine (Pinus
douglasiana) found in Mexican montane forests have
been shown to be (Zuloaga-Aguilar et al. 2011). How-
ever, the opposite type of effect also occurs, as heat can
damage seeds and reduce germination. This has been
observed for common oak species found within the
range of shortleaf pine across the eastern United States,
including white oak (Quercus alba), Shumard oak (Q.
shumardii), and northern red oak (Q. rubra) acorns
(Greenberg et al. 2012, Nation et al. 2021), as well as
for several Mediterranean pines (Escudero et al. 1999).
Direct effects of fire on shortleaf pine seeds remain
unknown.

This study was designed to improve the understanding
of the fire ecology of shortleaf pine regeneration and had
two objectives. The first objective was to determine the
direct effects of heat and smoke exposure on shortleaf
pine seeds through a greenhouse experiment. We
hypothesized that smoke and heat exposure could stimu-
late greater germination of shortleaf pine seeds as is seen
in some other fire-adapted species, but there would be a
heat exposure threshold at which seeds are damaged and
germination decreased, as seen in Mediterranean pines.
The second objective was to determine the effect the time
of year of prescribed burning had on the germination of
shortleaf pine seeds in the field. We hypothesized that
burning in the fall, before seed dispersal, would increase
germination compared to unburned controls by improv-
ing the seedbed, while burning in the late spring would
kill young germinants. Burning in the early spring, after
seeds had fallen, was of particular interest. We expected
burning to improve the seedbed, but it was unknown if
either heat/smoke stimulation effects or heat damage
would result in a net increase or decrease in germinants.
This combination of field and greenhouse techniques will
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help explain both practical and mechanistic aspects of
shortleaf pine germination in relation to burning regimes.

Methods

Greenhouse heat and smoke exposure study

Experimental design

The greenhouse study was designed to test effects of
heat exposure and smoke exposure on germination of
shortleaf pine seeds. The study included heat exposure
treatments that combined five temperatures (60, 80, 120,
200, and 270 °C) with each of three durations (1, 5, and
10 min). It also included an untreated control, for 16 total
temperature and time combinations. We chose 60 °C as
the lowest temperature because it is commonly associ-
ated with the initial point of tissue necrosis (Stephan
et al. 2010). The range of temperature and duration com-
binations is similar to that used in other published stud-
ies (e.g., Escudero et al. 1999; Wiggers et al. 2017) and
expected to be representative of the conditions created
by prescribed burns in the region (e.g., Lilly et al. 2012;
Dey and Hartman 2005). These heat exposure treatments
were applied by placing shortleaf pine seeds in a Yamato
DKN-602C (Yamato Scientific American Inc., Santa
Clara CA, USA) oven for each specific combination of
temperature and time. Smoke exposure treatments were
applied separately and included four treatments: an
untreated control and smoke exposure (without heat)
for 5, 10, and 90 min. The smoke was generated using an
electric portable smoke infuser (manufactured by TMK-
EFFC), designed for flavoring food without cooking it.
Shortleaf pine needles gathered from local stands were
used as the fuel for the smoker, and the smoke infused
into sealed containers of seeds via rubber tubing. The
heat exposure or smoke treatments were each applied
to sets of 30 shortleaf pine seeds, replicated three times
per treatment (90 total seeds within each treatment) on
17-19 March 2021. The seeds used were produced from
Missouri trees grown in a seed orchard on the Ouachita
National Forest in Arkansas. They were collected in 1986
and stored in a—15.5 °C freezer since then at the George
O. White Nursery, managed by Missouri Department of
Conservation in Licking, MO.

After treatment, the seeds were sown in 98 cell propa-
gation trays in a mixture of 40% peat, 40% vermiculite,
and 20% perlite (Pile et al. 2017). One seed was sown
within each cell on 19 March 2021. The timing of this
experiment is consistent with typical timing of shortleaf
pine germination. Treatments were randomly assigned to
trays, and each tray contained three treatments with the
exception that no tray could have two of the same treat-
ment. The propagation trays were kept in greenhouses
on the University of Missouri campus, and the trays were
watered daily.
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Data collection and analysis

For 40 days following planting, trays were monitored for
germination daily, and cells with live germinants were
recorded. The number of total germinants peaked on
day 30, and only one seed germinated after day 35, so
the experiment was ended on day 40. A small number of
germinants died during the 40 days, and these were still
counted as having germinated. The probability of a seed
germinating by the end of the 40-day sampling period
was modeled using logistic regression, with a generalized
linear mixed model that used a binomial distribution and
logit link function. The binary response of germination
status (yes or no) was the response variable, and the heat
exposure and smoke exposure treatments, respectively,
were the independent variables in separate models. Each
model included random terms to specify the replicate
experimental unit (set of 30 seeds to which treatments
were applied) and the planting tray used in the green-
house. For significant effects of heat exposure or smoke
exposure, pair-wise comparisons among treatment levels
were made using Tukey’s HSD adjustment for multiple
comparisons. For all models, differences were assumed
statistically significant when p <0.05.

Field burn timing study

Experimental design

We used a randomized complete block design, with four
treatments applied in each of four shortleaf pine planta-
tions (i.e., blocks). Treatments included a control (no
fire), a fall burn (applied before seed dispersal), an early
spring burn (applied following seed dispersal but before
germination), and a late spring burn (applied after ger-
mination). The study plots were 0.01-ha rectangles with
dimensions of 8.35 mx17.25 m. Within a block, the
study treatments were randomly assigned to the plots.

Study site
The field study was conducted at the Baskett Wildlife
Research and Education Center (BWREC), a University
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of Missouri property located approximately 25 km
south of campus (Table 1). The land where BWREC cur-
rently exists was privately farmed, with much of the area
cleared of trees before consolidation under federal own-
ership in the 1930s. Since that time, the area has been
managed by the University of Missouri. Agricultural rec-
lamation practices included widespread tree planting in
the late 1930s and early 1940s, including several planta-
tions of shortleaf pine. There are no records of manage-
ment activities (thinning, prescribed burning, etc.) in the
plantations after the time of planting. The average tem-
perature in Boone County, MO, from 1991 to 2021 was
18 °C, and the average annual precipitation was 1075 mm
(NOAA, 2021). The soils of the study were mapped as
Weller silt loam, with 5-9% slopes. The Weller soils are
deep, moderately well-drained, and formed of loess (Soil
Survey Staff, 2021).

Treatment application and seeding

Study treatments were applied to each plot by establish-
ing fire breaks around plot boundaries, so that each plot
was a burn unit. The fall burns took place on 5 Novem-
ber 2020, the early spring burns on 6 March 2021, and
the late spring burns on 1 May 2021. All burns were con-
ducted in the afternoon hours. Given the small size of
the plots, ring ignitions were used for all plots, with spot
fires ignited at the center of plots during the fall burns.
Flame lengths were visually estimated during the burns
to be 30 cm, with flame lengths rarely exceeding 50 cm.
Weather conditions during the burns are summarized in
Table 2.

Shortleaf pine seeds (of the same origin as in the green-
house experiment) were sown by hand across all plots on
11 November 2020, at a rate of ~ 74,000 seeds/ha. Though
shortleaf pine was present in the overstories of these
stands, all study plots were seeded because of the varia-
tion in seed production annually and to ensure adequate
sample sizes. The seeding rate was determined to be suf-
ficient based on a 10-year study in Oklahoma, Arkansas,

Table 1 Characteristics of the four shortleaf pine stands used in the field study. All litter collections occurred following fall burns and
prior to spring burns; “burned litter”" was taken from the fall burn treatment plot in each block, and other litter samples were averaged

across the three other treatment plots

Variable Block 1 Block 2 Block 3 Block 4 Average
Basal area (m*/ha) 49.1 493 439 596 50.5
Density (trees/ha) 1001 420 803 988 803
Quadratic mean diameter (cm) 24.8 383 26.2 27.5 29.2
Litter (dry g/mz) 9783 1018.7 1185.2 1136.7 1079.7
Burned litter (dry g/mz) 962.0 610.0 667.8 8279 766.9
Establishment year 1942 1939 1942 1940
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Table 2 Summary of prescribed burn conditions, with weather conditions (air temperature, relative humidity, wind speed, and wind
direction) from data collected at the Columbia-Bradford Research and Extension Center weather station, located 16 km from the study

site. Flame lengths were estimated in the field during the burns

Treatment Date Burn time Air temp (°C) Relative Wind speed  Wind direction Flame

(start/end) humidity (%) (m/s) (degrees) length
(cm)

Fall 5 November 2020 13:00 212 44 2 197 30
17:00 20.2 48 1 178

Early spring 6 March 2021 12:00 10.8 29 3 222 30
16:00 14.0 36 2 199

Late spring 1 May 2021 12:00 241 42 6 226 30
16:00 254 34 6 214

and Missouri, in which shortleaf pine produced a range
of 5000-1,846,000 seeds/ha during the study years, with
most years resulting in at least 66,700 seeds/ha, and no
two consecutive years with less than 79,000 seeds/ha
(Shelton and Wittwer 1996).

Data collection and analysis
In late May 2021, plots were surveyed for germination.
In each plot, three parallel transects were established
across the length of the plot (17.25 m), and all germinants
within 0.38 m on each side of the transect were counted.
The total sampling area was 40.5 m? in each plot. Natural
regeneration was assessed outside the seeded plots, using
three non-parallel transects of equal length within each
of the stands. All transects were re-surveyed in October
2021.

The abundance of shortleaf pine germinants (num-
ber per hectare) at the start of the growing season (May
sampling) and at the end of the growing season (October

100

sampling) was modeled using a generalized linear mixed
model with a repeated measures design. Burn treatment,
sampling period, and the interaction of burn treatment
and sampling period were fixed effects. Stand (i.e., block)
was included as a random effect, and the repeated meas-
ures structure was specified with a random term with a
first-order autoregressive covariance structure for the
experimental unit measured in each sampling period.
For significant fixed effects, pair-wise comparisons were
tested using Tukey’s HSD adjustment. For all models,
differences were assumed statistically significant when
p<0.05. All analyses were conducted using SAS 9.4 soft-
ware (SAS Institute, Cary, NC, USA).

Results

Greenhouse heat and smoke exposure study

Germination began 12 days after planting and leveled
off approximately 20 days after planting (Fig. 1). The pat-
terns of germination through time were generally similar

Percent Germination

18 20 22 24 26 28 30 32 34 36 38 40

Days since planting

12 14 16
e Control
------- 60° 10 min
80° 10 min

= «60° 1 min

== =-60°5min

80° 1 min 80° 5 min

Fig. 1 Cumulative percent germination through time for shortleaf pine seeds following exposure to various temperatures for 1, 5, or 10 min. No

germination occurred for any treatment with temperature > 120 °C
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among treatments, with the exception that the 80 °C
treatments with 5- and 10-min durations had later ini-
tiation of germination (day 18). After the 40-day moni-
toring period, the germination rate for the untreated
shortleaf pine seeds was 81.1% (Fig. 2), and the heat
exposure treatments had significant effects on germina-
tion (P<0.001). No seeds germinated when exposed to
120 °C or higher, regardless of the duration, and therefore
treatments greater than 80 °C were excluded from the
model. Seeds exposed to 60 °C did not differ significantly
from controls, regardless of the duration of exposure.
For seeds exposed to 80 °C, the duration of exposure was
important. Seeds with exposure to 80 °C for 1 min and
5 min did not significantly differ from controls, but seeds
exposed to 80 °C for 10 min had significantly lower ger-
mination than all other treatments except for 80 °C for
5 min, which were also low (Fig. 2).

There were no significant effects of smoke exposure
(P=0.814). The model estimated 79.9% germination
for the controls and 79.5%, 82.7%, and 75.5% germina-
tion for 5 min, 10 min, and 90 min of smoke exposure,
respectively.

Field burn timing study

There was a significant interaction between burn treat-
ment and sampling period (P<0.001), with a significant
effect of the burn treatments on the number of new ger-
minants in the May sampling (P<0.001) but no effect of
the burn treatments on the number of new germinants in
the October sampling (P=0.126). For the May sampling,
the fall burn resulted in significantly more germinants
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than all other treatments (Fig. 3). The abundance of ger-
minants in the early spring burn treatment did not differ
from the control (P=0.983), and the late spring burn had
significantly fewer germinants than all other treatments
(P=0.011 for the control comparison, P<0.001 for the
fall comparison, P=0.002 for the early spring compari-
son). From the May sampling to the October sampling,
the number of germinants significantly decreased for all
burn treatments (P<0.001) other than the late spring
burn treatment, for which there was no significant differ-
ence (P=0.339).

The unseeded, unburned areas had approximately 1606
shortleaf pine germinants per hectare when surveyed in
May and 371 germinants per hectare when surveyed in
October. Comparison to the seeded, unburned areas (the
control treatment), which had 10,000 germinants per
hectare in the May survey and the 988 germinants per
hectare in the October survey (Fig. 3), suggests that con-
tribution from natural seedfall was relatively low during
the study year.

Discussion

This study demonstrates the potential for prescribed
burning to have both direct and indirect effects on the
germination success of shortleaf pine seeds. Exposure of
seeds to temperatures of 80 °C or greater can partially or
completely inhibit shortleaf pine germination. We found
that burning before seed dispersal increased germina-
tion in the field, an indirect effect of fire that was likely
due to combustion of forest floor material and exposure
of mineral soil. Burning following dispersal but before

Germination Probability

Temperature and Duration Treatment

Fig. 2 Germination probability (modeled mean + standard error) of shortleaf pine seeds by heat exposure treatment. Different letters represent
Tukey -adjusted significant differences between pairwise comparisons. No germination occurred for any treatment with temperature > 120 °C
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Fig. 3 Least squared means (+standard error) of germinant counts across four shortleaf pine stands by burn treatment for May (dark gray)
and October (light gray) sampling periods. Different letters represent significant differences between treatments within the May sampling period

germination, which would represent the period during
much of the contemporary dormant season prescribed
burn window in the region, resulted in germinant abun-
dance similar to the unburned control. It is possible this
treatment was a balance of direct effects of heat expo-
sure that reduced germination for affected seeds with
the indirect effects of improved germination sites due to
forest floor removal. We found poor success when burn-
ing occurred following germination, likely due to direct
effects of fire on first-year seedling mortality.

Although other plant species are stimulated by expo-
sure to heat (Wiggers et al. 2017; Herranz et al. 1998)
and heat in combination with smoke (Singh and Raizada
2010), pine seed germination has generally been shown
to be suppressed by heating. Seeds of seven Spanish
pine species, Aleppo pine (Pinus halepensis), stone pine
(P, pinea), maritime pine (P. pinaster), mountain pine (P
uncinata), black pine (2 nigra), Scots pine (P sylvestris),
and Canary Island pine (P canariensis) were exposed to
temperatures between 50 and 150 °C for 1-15 min (Escu-
dero et al. 1999). Germination was decreased rather than
stimulated by heat exposure for all species, although the
thresholds varied among species. For the least heat-toler-
ant species, Aleppo pine, germination suppression began
at 70 °C, and for the most tolerant species, maritime pine,
germination was significantly lower only at 130 °C (Escu-
dero et al. 1999). In a different study, Turkish red pine
(P. brutia) showed no effect of exposure to temperatures
up to 130 °C, at which point the duration of exposure
became more important than increased temperature up
to 170 °C (Boydak and Caliskan 2016).

While the results of our greenhouse study show that
heat exposure can reduce germination of shortleaf pine
seed, we were not able to quantify the level of heat expo-
sure experienced by seeds in our field study. The position

of the seeds within the leaf litter profile may affect their
vulnerability to heat exposure and germination success.
This has been experimentally tested for acorns; Green-
berg et al. (2012) placed northern red oak and white
oak acorns on the leaf litter surface, in the duff layer, or
in the mineral soil during winter prescribed burns and
then germinated the acorns in a greenhouse. They found
that for all acorns on the litter surface germination rates
decreased with increasing fire temperature, but acorns in
the duff layer and mineral soil were not generally affected.
For shortleaf pine seedlings, it is possible that the timing
of prescribed burning may interact with the position of
seeds in the litter to affect heat exposure experienced by
seeds. Boggs and Wittwer (1993) suggested that shortleaf
pine seeds move from the surface of the litter layer to the
mineral soil in the months following dispersal. There-
fore, a burn in December or January might damage more
seeds than an early spring burn (e.g., the March burn in
our study), because the seeds might be closer to the litter
surface in the earlier burn.

For some species, including a few tree species, smoke
stimulates germination (see Brown and van Staden
1997 for review). Scientists have isolated the compound
butenolide 3-methyl-2H-furo[2,3-c]pyran-2-one, now
referred to as karrikinolide (Dixon et al. 2009), as the
main component within smoke that stimulates germi-
nation (Flematti et al. 2004). In previous studies, seeds
have been experimentally germinated in aqueous smoke
solution (Todorovi¢ et al. 2005), on smoked filter papers
(Singh and Raizada 2010), with direct application of the
butanolide compound (Kulkarni et al. 2007), and with
direct smoke application as done in this study. Other
examples of direct smoke application include pumping
smoke from burning material in a 130 L drum through
a tube into a sealed plastic tent using bellows (De Lange
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and Boucher 1990) or using a beekeeper’s smoker (Baxter
et al. 1995). We found no effects of direct smoke expo-
sure on shortleaf pine seeds in our study. Similarly, apply-
ing smoke to seeds of Scots pine, black pine, mountain
pine, and maritime pine for 5 to 20 min had no effect on
germination (Reyes and Casal 2006). However, Douglas
pine (Pinus douglasiana) germination was increased with
application of an aqueous smoke solution (Zuloaga-Agu-
ilar et al. 2011).

Collectively, our results and those of past studies indi-
cate that rather than stimulation from heat or smoke,
pines use other adaptive strategies suited for specific
fire regimes (Schwilk and Ackerly 2001; Keeley 2012).
Historically, shortleaf pine ecosystems were associ-
ated with frequent, low- to mixed-severity fire regimes.
Prior to European settlement, mean fire return inter-
vals in shortleaf pine stands have been reported to be
around 5 years in the Cumberland Plateau (Stambaugh
et al. 2020), around 5 to 7 years in the Ouachita Moun-
tains (Flatley et al. 2023), and ranging from range from
4 to 18 years in the Missouri Ozarks (Guyette and Cut-
ter 1997; Batek et al. 1999). While low severity fires were
most common, periods of drought were often associated
with extensive fire activity, suggesting fires of greater
severity occurred every few decades (Guyette et al. 2006).
Shortleaf pine has traits associated with frequent surface
fire regimes, such as thick bark, highly flammable litter,
and sprouting from the basal crook of seedlings (Mattoon
1915; Bradley et al. 2016; Shearman and Varner 2021;
Varner et al. 2022). Sprouting allows seedlings to persist
following low-intensity surface fire (Clabo and Clatter-
buck 2019), providing opportunity for recruitment when
conditions are favorable. However, shortleaf pine has also
been recognized as being adapted to stand-replacement
fires (Keeley and Zedler 1998), suggesting regeneration
from seed following disturbance of the forest floor as
another stand establishment pathway for shortleaf pine.

In fire history studies, the majority of recorded fire
scars occurred during dormancy, a period that encom-
passes late fall through early spring (Guyette et al. 2006;
Stambaugh et al. 2020; Flatley et al. 2023) and thus
includes both our fall and early spring treatment. Con-
sequently, it is difficult to infer the historical importance
of burning prior to seed dispersal for success of naturally
regenerated shortleaf pine. However, historical accounts
indicate that fall burning was practiced by Native Amer-
icans (Flatley et al. 2023) and was likely more common
than with contemporary prescribed burning, which typi-
cally occurs in February to March in the study region.

Our results support prescribed burning in the fall as
an effective site preparation treatment that increases the
number of seedlings established per sound seeds pro-
duced (or seeded), also referred to as seedling percent
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(Yocom and Lawson 1977; Cain 1991; Shelton 1995).
Seedling percents estimated for our field study, from the
May and October sampling, respectively, were as fol-
lows: control—13.5%, 1.3%; fall burn—28.2%, 6.7%; early
spring burn—16.0%, 2.9%; late spring burn—2.3%, 0.1%.
Boggs and Wittwer (1993) observed seedling percents
(measured in December for seeds sown in January) of
4.0%, 1.9%, and 1.0% in areas that had been treated the
previous July with a hot burn, a medium burn, or no burn
respectively. Yocom and Lawson (1977) reported 3-year
seedling percents for naturally regenerated shortleaf pine
of 0.42% for unburned, unlogged areas, 0.98% in both
burned only and logged only areas, and 1.29% in areas
both logged and burned. By improving seedbed condi-
tions, prescribed burning can be a tool for increasing the
number of shortleaf pine germinants despite the interan-
nual variability in shortleaf pine seed production (Bram-
lett 1965; Stephenson 1963; Wittwer and Shelton 2004).

While our results support the use of prescribed burn-
ing in the fall for improving establishment of shortleaf
pine, germination is just one part of the regeneration
process. The low seedling percents reported in previ-
ous studies (Yocom and Lawson 1977; Boggs and Wit-
twer 1993), along with the observed attrition of seedlings
between the May and October sampling in our field
study, suggest that low survival of new shortleaf pine
germinants in the first year may be an additional bottle-
neck for regeneration success. Our study sites had high
stand densities, likely reducing first-year survival due to
shade and competition. More open conditions character-
istic of shortleaf pine woodlands may improve survival
for new germinants, possibly reducing the importance
of fall burning as site preparation for seedling establish-
ment. In addition, local variability in fuels and fire behav-
ior can have important implications for fire effects on
litter consumption and heat exposure to seeds. Our field
study used low-intensity burns that may have generally
dampened the effects of the burns, on both the reduction
of the forest floor in the fall burn (the indirect positive
effect) and the heat exposure to shortleaf pine seeds in
the early spring burn (the direct negative effect).

Conclusions

Our study provides evidence that prescribed burning
can be used to increase the number of shortleaf pine ger-
minants, but the seasonality of the burns can affect the
outcomes. Fall burning, before seed dispersal, maximized
the number of new germinants during the next grow-
ing season by preparing the seedbed but avoiding direct
damage to seeds through heat exposure. Burning during
the winter or early spring, after seed dispersal, is likely to
reduce viable seed through heat exposure but also con-
sume the litter layer to improve the seedbed. The burns in
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our study were done in a small area and were low-inten-
sity, so higher intensity burns in early spring could result
in more damage to seeds. Late spring burns, following
germination, drastically reduced regeneration success.
Forest managers specifically interested in shortleaf pine
natural regeneration can use this information to better
time prescribed burning to increase shortleaf pine germi-
nation from seed.
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