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Studies conducted in many parts of the world
over the past 20 yr have shown that smoke
can induce seeds to germinate, especially
those of species native to fire-prone habitats.
Chemicals in smoke may signal to the seed
that environmental conditions are favorable
for its germination and growth (Roche, Koch,
and Dixon 1997). However, smoke stimulated
germination appears to have developed even
in some species that are not native to fire-
prone habitats (e.g., lettuce; Jager et al. 1996).
In fire-prone habitats around the world,
including the California chaparral (Keeley
and Fotheringham 1997), South African fyn-
bos (Brown et al. 2003), Western Australian
shrublands (Morris 2000), and northeastern
Australian savannas (Williams et al. 2005),
seeds of a wide range of species germinate in
response to cues from 3-methyl-2H-furo[2,3-
c]pyran-2-one in smoke (Flematti et al. 2004).
Some plants, such as the Australian Grevillea
spp., show a significant increase in germina-
tion after exposure to smoke compared to
other signals such as scarification or heat
shock (Morris 2000). In Western Australia, 45
of 94 species responded positively to smoke
fumigation (Dixon et al. 1995). Five of eight
species in the same experiment known to
require heat or scarification treatment for
germination showed a seven-fold greater
germination percentage following smoking,
indicating that smoke alone is sometimes
sufficient to induce high germination percent-
ages in some species.

Here we report the results of testing seeds of
20 Florida plant species for smoke induced
germination, using five levels of smoke
exposure (0, 1, 5, 10, and 30 min of aerosol
smoke). Upland Florida ecosystems such as
Florida scrub, sandhill, and flatwoods are

shrublands dominated by xeromorphic plants
resilient to periodic fires. Most fires occur early
in the growing season, during late spring
droughts (Menges 1999). Smoke-stimulated
germination may be particularly important
for species that require seedling recruitment to
recover post-fire (Weekley and Menges 2003).
Seeds often lie dormant until the right cues
stimulate them to germinate (Baskin and
Baskin 1998). Many upland Florida species
are specialized for the first decade post-fire
and recruit many seedlings in that time period,
e.g., Eryngium cuneifolium Small (Menges and
Quintana-Ascencio 2004) and Polygala lewtonii
Small (Menges and Weekley 2004). The prima-
ry purpose of this study was to determine if any
upland Florida species have smoke-responsive
germination. We hypothesized that the long
history of fire in this region has led to some
species to use smoke as a germination cue.

Seeds were collected from 20 species of
upland plants from Highlands and Polk
Counties in south-central Florida: Abrus pre-
catorius L., Bejaria racemosa Vent., Callicarpa
americana L., Chamaecrista fasciculata (Michx.)
Greene, Crotolaria pallida Aiton, Dicerandra
frutescens Shinners subsp. frutescens, Eryngium
cunefolium, Garberia heterophylla (W. Bartram)
Merr. & F. Harper, Lechea deckertii Small, Liatris
chapmanii Torr. & A. Gray, Liatris ohlingerae
(Blake) Robinson, Opuntia humifusa (Raf.) Raf.,
Pityopsis graminifolia (Michx). Nutt., Polygala
lewtonii, Polygonella basiramia (Small) G.L.
Nesom & V.M. Bates, Polygonella robusta (Small)
G.L. Nesom & V.M. Bates, Rhus copallinum L.,
Serenoa repens (Bartr.) Small, Sisyrinchium xer-
ophyllum Greene, and Ziziphus celata Judd &
D.W. Hall. Seeds of Ziziphus celata were collected
from plants introduced to Historic Bok Sanctu-
ary in Lake Wales in 2002, and those of Polygala
lewtonii from The Lake Wales Ridge National
Wildlife Refuge, Carter Creek Tract, Sebring in
2004. All other species’ seeds were collected at
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Archbold Biological Station in Lake Placid in
August–December 2004. After collection, seeds
were placed in paper bags and stored in the lab
at approximately 25uC until they were cleaned,
counted, and placed on Ahlstrom Grade 613
filter paper in petri dishes. Only seeds that
appeared to be viable based on their color and
shape, and that felt ‘‘full’’ when gently
squeezed between two fingers were used in the
experiment. If scarification was known to be
necessary for germination of seeds in a partic-
ular family (Fabaceae and Cistaceae), the seed
coat was manually scarified with a scalpel to
allow imbibition of water (Baskin and Baskin
1998). Although some species in the Rhamna-
ceae are known to be physically dormant
(Baskin et al. 2000), scarification does not
improve germination of Ziziphus celata (Week-
ley 2001).

For applying smoke treatment to seeds, we
used a 75 L fish tank and wire trays with
wooden frames to hold four trays, keeping
4 cm between the layers to allow the smoke to
circulate evenly. A beekeeper’s smoker with a
1.5 cm insulated heater hose attached to the
nozzle was used to generate smoke. We
burned pine needles and forced smoke
through the hose and into the tank with
attached bellows. The top of the tank was
fitted with a sheet of Plexiglas with a hole at
one end for the tube carrying the smoke into
the tank and a 1-cm gap at the opposite end
to allow the smoke to flow through the tank.
All smoke applications were conducted on a
covered veranda at Archbold Biological Sta-
tion.

Seeds were exposed to smoke for 0, 1, 5, 10,
or 30 min. Each time-treatment consisted of
five petri dishes each containing 20 seeds,
except for Dicerandra frutescens subsp. frutes-
cens and Polygala lewtonii, for which only 87
and 98 seeds were available per treatment,
respectively. For the smoke treatment, petri
dishes were placed without their lids onto
trays in the fish tank. Dishes for the 30-min
treatment were placed on the bottom tray,
followed by the 10, 5, and finally the 1-min
treatment on the top tray. Petri dishes with
the control seeds were kept in the lab, away
from any smoke.

Timing for the treatment started after the
tank was visually determined to be full of
smoke. After the 1-min treatment, timing was
suspended as the cover was taken off and the
first tray of dishes removed. After the cover

was put back on and the tank filled again
with smoke, timing resumed. This was con-
tinued for the 5, 10, and 30 min treatments.
After the seeds were exposed to smoke for the
appropriate length of time, the lids were
placed on the petri dishes which were then
left unwatered for 24 hr to prevent any
chemicals from being washed off before they
could have an effect (Lara Jefferson, Chicago
Botanic Gardens, pers. comm.).

Germination trials were conducted on a
covered veranda exposed to ambient light
and temperatures. The majority of the seeds
were incubated in petri dishes, but large seeds
(Ziziphus celata, Serenoa repens) were planted
in native yellow sand to minimize fungal
attack. Fungal attack in petri dishes was
minimized by watering daily with a 2%
bleach solution and regularly changing the
filter paper. Seed germination was monitored
daily for up to five months. As soon as seeds
were recorded as having germinated, they
were removed from the petri dish. The
criterion for germination was radical emer-
gence of at least 1 mm (Thomas et al. 2003).
The number of germinated seeds was tallied
by treatment.

Because data were not collected from
individual petri dishes, a sequential chi-
square analysis was used to compare overall
germination among treatments (Ott and
Longnecker 2001). First, an overall test for
significance for each species was conducted.
Because germination in the 30 min treatment
was significantly lower than that in the
control in almost every species tested, a
second overall test for significance was con-
ducted without the 30 min treatment. If this
overall test, excluding the 30 min treatment,
showed significance, pair-wise comparisons
were made using Bonferroni’s method for
preplanned comparisons to assess differences
between specific treatments (Ott and Long-
necker 2001). Because we were looking for
enhanced germination in this study and not
inhibition, comparisons were generally made
between the control and treatments that
showed germination higher than that in the
control. If multiple treatments showed signif-
icant differences compared to the control,
further comparisons were made between
treatments to determine if there was an
optimal treatment level.

Of the 20 species tested, Liatris chapmanii,
Polygala lewtonii, and Abrus precatorius showed

2008 LINDON, MENGES: SMOKE ON SEED GERMINATION 107



significant positive germination responses to
smoke (Figure 1). Germination percentages
for seeds of all three species were significantly
higher than that of the control treatment at
5 min of smoke exposure. Seeds of Liatris
chapmanii and Abrus precatorius also showed
increased germination when they were ex-
posed to smoke for 1 min.

For seeds of Bejaria racemosa, Crotalaria
pallida, Garberia heterophylla, Lechea deckertii,
Liatris ohlingerae, Pityopsis graminifolia and
Polygonella robusta, germination percentages
in the 10 and 30 min trials were significantly
lower than those in the control (data not
shown). For Bejaria racemosa and Lechea
deckertii, there was no germination of seeds
treated for more than 5-min. Further analysis
of the results for these two species excluding
the 30 min treatment showed that there were
no significant differences between the control
and the other time treatments. Seeds of Liatris
ohlingerae showed reduced germination with
30 min of smoke exposure and increased
germination with 1 min of smoke. In Cha-

maecrista fasciculata, Dicerandra frutescens,
Polygonella basiramia, and Ziziphus celata,
there was no significant difference in germi-
nation percentages among control, 1, 5, and
10 min smoke treatments. Finally, no seeds of
Callicarpa americana, Eryngium cuneifolium,
Opuntia humifusa, Rhus copallinum, Serenoa
repens, or Sisyrinchium xerophyllum germinated.

Stimulation of germination in seeds of
Polygala lewtonii is not surprising given that
it is an obligate post-fire reseeder (Weekley
and Menges 2003) and grows in sandhill
habitats that burn frequently (Menges 1999).
Our findings of smoke-stimulated germina-
tion may be useful in conserving this endan-
gered species by allowing researchers to more
effectively germinate seeds for propagation,
to augment existing populations, and for
introductions and reintroductions.

Abrus precatorius is an invasive species in
the southeastern United States, and thus its
high germination percentage without smoke
and even higher with smoke is a great
concern. Wildland fires, which occur natural-

Figure 1. Percentage of seeds germinated for those species with smoke-stimulated germination (30 min
treatment eliminated from analysis).
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ly in Florida and enable native species to
flourish, may also contribute to the spread of
exotic or even invasive species that are not
stopped, or are even enhanced, by fire.

Many species that might be expected to show
responses to smoke exposure based on their
positive demographic relationship with fire did
not respond to smoke. For example, smoke did
not stimulate seeds of Dicerandra frutescens
subsp. frutescens to germinate, despite the fact
that populations flourish shortly after fire due
to germination from a persistent soil seed bank
(Menges et al. 2006). About 50% of species in
Florida rosemary scrub are obligate seeders
after fire (Menges and Kohfeldt 1995), yet none
of the nine rosemary scrub/scrubby flatwoods
species tested in this study showed smoke-
stimulated germination. Although allelopathic
chemicals in the decomposition of Florida
rosemary leaves hinder germination in rose-
mary scrub species (Hunter and Menges 2002),
a combination of removal of allelopathic
chemicals combined with smoke exposure
may be more effective at stimulating germina-
tion than removal of allelopathic chemicals
alone (Preston and Baldwin 1999). It is also
possible that additional species would have
been found to be smoke-sensitive if exposed to
aqueous smoke, rather than aerosol smoke
(Norman et al. 2006).

There are other possible reasons to explain
why no seeds of some species germinated. For
example, those of Rhus copallinum need to be
mechanically scarified to germinate (Li et al.
1999). Seeds of some species may also respond
to fire cues other than smoke such as
increased light, increased nutrients, heat
shock, or any combination of these factors.
Other species recruit mainly from a soil seed
bank instead of from fresh seeds, and most
seeds require after-ripening before they are
ready to germinate (e.g., Eryngium cuneifolium,
Menges and Quintana-Ascencio 2004). How-
ever, in many species, seed ageing does not
significantly increase germination when ap-
plied in combination to smoke treatments
(Roche, Dixon and Pate 1997). Finally, ger-
mination of some species may have been
inhibited by a compound in the smoke itself
(Light et al. 2002). Because most of these
species were germinated in Petri dishes, any
inhibitor present in the smoke would not be
washed away with watering.

These results provide insight into a way to
increase germination and to potentially in-

crease the number of P. lewtonii plants, and
they support the idea that smoke-stimulated
germination may have evolved in some
south-central Florida plants. The fact that
three of 20 species responded positively to
smoke suggests that there may be additional
smoke-stimulated species in Florida ecosys-
tems. Research on additional Florida species is
necessary to begin to make generalizations
about responsiveness of species in various
Florida ecosystems to smoke.
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