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Introduction

Fire is a disturbance factor in ecosystems
worldwide and affects the reproduction of
many plant species. For some species, it is
just one of several disturbances that trigger
seed germination and subsequent seedling
recruitment, whereas in other ‘fire-depen-
dent’ species, fire may be required for
seedling recruitment. Fire may trigger seed
regeneration directly, through the opening
of serotinous fruits or cones or by inducing
the germination of dormant soil-stored
seed banks. Fire may also indirectly initi-
ate seedling recruitment by opening gaps
in closed vegetation, thus providing condi-
tions suitable for colonization. There is a
multitude of mechanisms for capitalizing
upon such disturbances and the particular
mode is a function of fire regime, climate,
growth form, phylogeny and biogeography.

Postfire environments

Fire causes a multitude of changes in the
environment that enhance site quality for
seedling recruitment and thus provide the
selective impetus for fire-dependent germi-
nation. Perhaps foremost is the removal of
vegetation (formation of gaps), resulting in

an increase in irradiance at ground
(seedling) level and a reduction in compe-
tition for water. In addition, fire accelerates
the mineralization of organic matter, mak-
ing inorganic nutrients more readily avail-
able (e.g. Dunn and DeBano, 1977; Wells et
al., 1979). Fire reduces herbivore popula-
tions by direct mortality and indirectly by
opening the habitat and making herbivores
more vulnerable to predators (Quinn,
1994). The pulse of recruitment that poten-
tially satiates predators (O’Dowd and Gill,
1984) also reduces seedling predation.
Other advantages include soil sterilization,
which alters microbial populations and
reduces pathogens (Fletcher, 1910; Sabiiti
and Wein, 1987; Wicklow, 1988).

Costs associated with recruitment in
burned sites include delayed reproduction
for the many species that accumulate dor-
mant seed banks between fires (e.g. Gadgil
and Bossert, 1970). Also, on sites following
high-intensity fires, the postfire seedbed
may create pH and osmotic conditions
unfavourable for the germination of some
species (Henig-Sever et al., 1996; Ne’eman
et al., 1999). In addition, postfire gaps may
be drought-prone, as the increased expo-
sure may lead to elevated evaporation and
thus reduced moisture availability at shal-
lower depths, where germination occurs.
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Direct effects of fire on germination

Many species accumulate seed banks that
are triggered to germinate by fire. These
seed banks develop by the accumulation
over 1 or more years of dormant or quies-
cent seeds. Distinguishing between dor-
mancy and quiescence is in part a matter of
semantics. For example, some restrict the
term dormancy to just those seeds that fail
to germinate following imbibition, whereas
germination inhibited by seed-coat charac-
teristics (e.g. restricting entry of water or
oxygen or release of inhibitors) is consid-
ered quiescence (see Murdoch and Ellis,
Chapter 8, this volume). Others consider
both of these conditions dormancy and
distinguish them as ‘endogenous’ versus
‘exogenous’ dormancy (e.g. Baskin and
Baskin, 1998). We shall follow the latter
convention and reserve the term quies-
cence for seeds held within serotinous
cones or fruits.

Heat-induced release of canopy-stored
seed banks

Serotiny is the delayed opening of fruits or
cones and is often interpreted as an adapta-
tion for timing seed dispersal to favourable
seedbed conditions. Some desert species
control seed dispersal with serotinous
fruits that open following rainfall, whereas,
in many fire-prone ecosystems, serotiny
cues dispersal to the postfire environment.
It is widespread in northern hemisphere
coniferous genera, such as Cupressus and
Pinus (Wolf, 1948; Keeley and Zedler,
1998). In the southern hemisphere, serotiny
is uncommon in coniferous trees but
widespread in shrubby angiosperms, and
is particularly well represented in
the  Proteaceae and Myrtaceae of
Mediterranean-climate South Africa and
Western Australia (Lamont et al., 1991).

In all of these taxa, cones or fruits will
open and disperse seeds within days of
being scorched by fire, resulting in a pulse
of seedling recruitment that generates
stands of even-aged cohorts. Some species,
such as the serotinous Pinus brutia, have

seeds with endogenous dormancy, which is
overcome by cold stratification following
release from the cone (Skordilis and
Thanos, 1995). In the absence of fire, cones
may open due to death of the branch, heat-
ing from solar irradiance or other causes,
but in communities with closed canopies
this generally does not lead to successful
recruitment, although on more open sites it
may. There are interesting intraspecific pat-
terns of varying degrees of serotiny and
consequent seedling recruitment, which
generate even-aged or uneven-aged popula-
tions, possibly tied to fire-return intervals
(reviewed for Pinus in Keeley and Zedler,
1998). Retention of seeds is also highly
variable across species, ranging from a few
months (e.g. Pinus muricata cones remain
closed through the autumn fire season and
disperse seeds in winter) to many years or
decades.

The distribution of serotiny is fairly
predictable, as illustrated by the genus
Pinus. Many pines inhabit fire-prone envi-
ronments, but only a small subset of these
species are serotinous, specifically those on
sites subject to high-intensity/severity
‘stand-replacing’ fire regimes (Fig. 13.1).

Heat-shock-stimulated germination of
soil-stored seed banks

Many species that disperse seeds at matu-
rity have innate barriers to germination and
thus accumulate dormant seed banks,
which are triggered to germinate by fire-
related cues, such as heat shock (e.g.
Ceanothus crassifolius in Table 13.1). This
is widespread in many fire-prone ecosys-
tems and is common in the Fabaceae,
Rhamnaceae, Malvaceae, Sterculiaceae,
Cistaceae and Convolvulaceae (e.g. Ballard,
1981; Barro and Poth, 1988; Trabaud and
Oustric, 1989; Keeley, 1991, 1995; Kilian
and Cowling, 1992; Thanos et al., 1992; Bell
et al., 1993; Cocks and Stock, 1997; Keeley
and Bond, 1997; Herranz et al., 1998).
Heat-stimulated seeds exhibit exoge-
nous dormancy imposed by a dense pal-
isade tissue beneath the generally smooth
and highly cutinized testa. This barrier to
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Fig. 13.1. Fire regimes generated by patterns of site productivity and fire recurrence interval (redrawn from

Keeley and Zedler, 1998).

water entry inhibits seeds from imbibing
water and has led to the term ‘hard-
seeded’. Fire disrupts the water-imperme-
able tissues, allowing imbibition, which
typically leads to germination. While it is
generally thought that heat directly dis-
rupts the palisade tissues, in certain cases
it appears to be tied to fire-triggered desic-
cation of the seed-coat (Brits et al., 1993).
In some hard-seeded species the barrier to
germination may not be lack of imbibition
but embryo anoxia, due to seed-coat
restriction of oxygen (Brits ef al., 1995).
While the breaking of the barrier to water
or oxygen entry may suffice to germinate
many species, for others the exogenous
dormancy is coupled with endogenous dor-
mancy and thus germination occurs only
when heat shock is coupled with other
environmental cues, such as light (Keeley,
1987; Bell, 1994) or cold stratification
(Keeley, 1991).

Hard-seeded species with postfire
seedling recruitment appear to differ sub-
stantially in the intensity and duration of
heat shock most stimulatory to germina-
tion. Some exhibit optimal germination
after brief bursts of high temperatures (e.g.
5 min at 105°C), whereas others have

higher germination after a long duration at
lower temperature (e.g. 1 h at 70°C). The
same applies to lethal temperature regimes,
e.g. large-seeded species survive a short
duration at high temperature but are killed
by a long duration at lower temperature,
whereas very small seeds exhibit the oppo-
site pattern (Keeley et al., 1985). Soil mois-
ture during heating also diminishes heat
tolerance (Westermeier, 1978; Parker,
1987). Such differences in stimulation/tol-
erance regimes may explain some of the
variance in microhabitat segregation of
postfire floras (e.g. Davis et al., 1989). In
addition, variations in heating may affect
subsequent seedling growth (Hanley and
Fenner, 1998).

Since many species are stimulated by a
long duration at 70-80°C, they are not
strictly tied to postfire environments —
such conditions may be encountered by
seeds exposed to direct sun-rays on open
sites. Thus, heat-shock-stimulated germina-
tion does not limit recruitment to burned
sites; rather, such species can establish in
gaps created by other types of disturbance
as well. Also, since unburned landscapes
often comprise a heterogeneous collection
of suitable and unsuitable recruitment
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sites, it is not surprising that most heat-
stimulated species have polymorphic seed
pools (Keeley, 1991, 1995). Thus, while the
bulk of the seed bank may be deeply dor-
mant, a portion may germinate readily and
establish in the absence of fire, for reasons
elaborated upon by Westoby (1981).

Heat-stimulated species are common
in all Mediterranean-climate shrublands,
where they are regularly exposed to intense
stand-replacing fires (Keeley, 1991, 1995;
Bell et al., 1993; Arianoutsou and Thanos,
1996). Outside these ecosystems, heat-stim-
ulated germination and postfire recruit-
ment are not common but are present in
species from a diversity of families and
vegetation types. For example, it is
known from temperate forests and heath-
lands, in species of Anacardiaceae (Marks,
1979; Washitani, 1988), Convolvulaceae
(McCormac and Windus, 1993), Ericaceae
(Jaynes, 1968), Fabaceae (Cushwa et al.,
1968; Martin et al., 1975; Grigore and
Tramer, 1996), Geraniaceae (Abrams and
Dickmann, 1984), Hypericaceae (Mallik and
Gimingham, 1985), Restionaceae (Musil
and de Witt, 1991) and Malvaceae (Baskin
and Baskin, 1997). In grasslands, it is
apparently present in both temperate
(McCormac and Windus, 1993) and tropical
legumes (Sabiiti and Wein, 1987).

Smoke- and charred-wood-stimulated
germination of soil-stored seed banks

It has only recently become evident that, in
some fire-prone environments, the majority
of species that recruit after fires lack heat-
stimulated germination, but that chemical
products of biomass combustion trigger ger-
mination (Table 13.1). This response is pre-
sent in hundreds of species from the
Mediterranean-climate ecosystems of
California, South Africa and Western
Australia (Jefferey ef al., 1988; Keeley, 1991,
1995; Brown, 1993a; Dixon et al, 1995;
Roche et al, 1997; Keeley and
Fotheringham, 1998b). Preliminary surveys
in the other two Mediterranean-climate
regions — central Chile and the
Mediterranean basin — have thus far failed

to find clear-cut examples of charred-wood-
or smoke-stimulated germination (Keeley
and Keeley, 1999; J.E. Keeley, C.J.
Fotheringham and W.J. Bond, unpublished
data). This may be linked with natural light-
ning fires being less predictable in these two
regions. While knowledge of charred-wood-
or smoke-stimulated germination is rela-
tively recent, the phenomenon was appar-
ently recognized centuries ago by early
Americans (Indians) in the western USA,
who routinely sowed tobacco seeds in post-
fire ash beds (Harrington, 1932). At least one
of these species, Nicotiana attenuata, is
known to be smoke-stimulated (Baldwin et
al., 1994).

Charred-wood- or smoke-stimulated
germination is found in a wide diversity of
families, although it is largely lacking in
the families noted for heat-stimulated ger-
mination. In Mediterranean-climate regions
of California, it is common in members
of the Hydrophyllaceae, Papaveraceae,
Polemoniaceae and Scrophulariaceae -
families with centres of radiation in west-
ern North America. It is also known
from families with more cosmopolitan
distributions — Asteraceae, Boraginaceae,
Brassicaceae, Caryophyllaceae, Lamiaceae,
Loasaceae, Onagraceae and Solanaceae. In
the southern hemisphere, it is known from
some of the same families, e.g. Asteraceae
and Scrophulariaceae, but is most common
in other families — the Dilleniaceae,
Epacridaceae, Ericaceae, Goodeniaceae,
Haemodoraceae,  Mjyrtaceae, Poaceae,
Proteaceae, Restionaceae, Rutaceae and
Thymelaceae (Brown, 1993a; Baxter et al.,
1994; Dixon et al., 1995; van Staden et al.,
1995; Enright et al, 1997; Keeley and
Bond, 1997; Roche et al., 1997). Smoke-
stimulated germination has also been
demonstrated for species from both tropi-
cal and temperate grasslands (Baxter et al.,
1994; Read and Bellairs, 1999).

Charred wood and smoke are equally
effective in triggering germination of a
wide range of species (Brown, 1993b;
Keeley and Fotheringham, 1998b). The
combustion products that trigger germina-
tion are transferred to seeds as vapour or
liquid and this may occur directly from
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smoke or be secondarily transferred from
soil particles (Fig. 13.2). Heating of wood
products is sufficient to release active
agents (Keeley and Pizzorno, 1986) and the
same applies to heating of (organic matter
in) soil (Keeley and Nitzberg, 1984). Thus,
the conclusion that ‘chemical constituents
from smoke do not appear to provide a
stimulus separate from the effects of heat’
(Enright et al., 1997), which was based
upon heat treatments of soil, should be re-
evaluated.

Two factors make it critical that experi-
mental determination of smoke-stimulated
germination include a dosage-response
curve: species differ both in level of smoke
products stimulatory to germination and in
the level that is lethal to seeds (e.g. Table
13.1). This is well illustrated by two
California chaparral species with deeply
dormant seed banks. Only 1 min of direct
exposure to smoke will induce 100% ger-
mination of the annual Emmenanthe pen-
duliflora, but fails to stimulate the
perennial Romneya coulteri. On the other

hand, if seeds are sown in soil exposed to
smoke for 30 s, both species germinate
completely. However, germination of
Emmenanthe is inhibited by soils exposed
to a longer duration (30 min exposure is
lethal), whereas Romneya germinates well
in soils exposed to 30 min of smoke treat-
ment (Keeley and Fotheringham, 1998b).
Considering the postfire increase in
soil nitrate levels (Christensen, 1973), it is
worth considering the role of this ion. Pons
(1989b) showed that nitrate-triggered ger-
mination is a potential cue for germination
on open sites for weedy species, particu-
larly light-inhibited weeds (Hilhorst and
Karssen, 1989). Thanos and Rundel (1995)
suggested that nitrate was the ‘trigger’ that
cued species to respond to postfire condi-
tions in California chaparral. However, the
nitrate ion alone has been shown to be
insufficient in triggering germination
(Table 13.1), whereas nitrogen dioxide (at
levels found in biomass smoke) is highly
effective for some species (Fig. 13.3).
Seed-coats of smoke-stimulated species
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Fig. 13.2. Germination of Emmenanthe penduliflora for control (0) and smoke treatments of 1- or 10-min
exposures for direct treatment (smoke-treated seeds incubated on non-treated filter-paper) and indirect
treatments (untreated seeds incubated on smoke-treated sand or filter-paper or untreated seeds incubated
with smoke water or exposed to gases emitted by smoke-treated filter-paper) (redrawn from Keeley and

Fotheringham, 1997).



Table 13.1. California chaparral species illustrating the range of variation in germination response (mean percentage germination + Sg, n = 3 replicates
of 30 seeds) (data from Keeley and Fotheringham, 1998b, and unpublished).

Percentage germination

70°C  105°C 115°C Smoke (min) Scar Nitrate® (mol m~3)

Species Family Control 1Th 5min  5min CW 5 15 Scar +GAP GAP 1 10 100
Ceanothus

crassifolius Rhamnaceae 0 50 87 47 0 0 0 98 99 0 0 0 0
Emmenanthe

penduliflora Hydrophyllaceae 0 0 0 0 80 100 15 100 100 0 0 2 1
Phacelia

grandiflora Hydrophyllaceae 1 0 0 0 44 59 66 99 95 0 0 4 0
Romneya

coulteri Papaveraceae 0 0 0 0 46 74 99 19 100 0 0 0 0
Silene

multinervia Caryophyllaceae 8 7 4 8 84 98 92 98 95 29 15 47 9
Dicentra

chrysantha Papaveraceae 0 0 0 0 0 0 0 0 0 0 0 0 0

2CW = 10% aqueous leachate from charred wood.

bGA = gibberellic acid (GA,) highest germination with 1, 5 or 10 mmol m~3.

°KNO; in distilled water, pH ~6.
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Fig. 13.3. Germination response to nitrogen dioxide (7.7 X 10° mg m~3) at different durations of exposure
applied to dry seeds for smoke-stimulated California chaparral species: Caulanthus heterophyllus (CH),
Silene multinervia (SM), Romneya coulteri (RC), Phacelia grandiflora (PG) and two populations of
Emmenanthe penduliflora (EP1 and EP2) (redrawn from Keeley and Fotheringham, 1998b).

are structurally quite different from those of
heat-stimulated species. Outer seed-coats
are highly sculptured and, in all cases so far
examined, they lack a dense palisade layer.
Commonly, the outer coat comprises
loosely packed tissues with a subdermal
semi-permeable cuticle. Most of the species
so far tested fully imbibe water during dor-
mancy, indicating endogenous dormancy
(Keeley and Fotheringham, 1998b).

Mechanism of smoke- and charred-wood-
stimulated germination

It is unknown what chain of reactions trig-
gers germination of smoke-stimulated
species and there is every likelihood that
the mechanism is not the same in all
species. One of the best-studied species is
E. penduliflora and it provides a useful
model system for investigating smoke-
induced germination because of the follow-
ing:

1. Historically, it was the species first
identified to have charred-wood-stimulated
germination (Wicklow, 1977) and its ger-

mination behaviour has been well charac-
terized (Jones and Schlesinger, 1980;
Keeley and Nitzberg, 1984; Keeley et al.,
1985; Keeley, 1987, 1991; Keeley and
Fotheringham, 1997, 1998a, b).

2. This species has deeply dormant seed
pools, often with zero germination under
‘control’ conditions, and this is consistent
across most chaparral populations, unlike
some other smoke-stimulated species,
where a sizeable fraction of the seed bank
germinates in the absence of fire-related
cues.

3. Germination is light-neutral and most
populations are cold-stratification-depen-
dent.

Emmenanthe germinates in response
to either charred wood, smoke or aqueous
extracts or vapours from either of these
combustion products (Fig. 13.2). Under the
proper concentrations, these fractions gen-
erate 100% germination of otherwise com-
pletely dormant seed pools. Chemicals
eliminated as germination cues include
nitrate ion, nitrous oxide, carbon dioxide,
ethylene and methane (Keeley and
Fotheringham, 1997, 1998a). Some
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compounds, e.g. carbon monoxide, sul-
phuric acid and hydrogen peroxide, are
capable of stimulating substantial germina-
tion, but the strongest and most consistent
response is to nitrogen oxides (Fig. 13.3).
Several characteristics suggest that this
may be the active component of smoke-
stimulated germination. Nitrogen dioxide is
capable of stimulating complete germina-
tion at the levels present in biomass smoke
and, like smoke, it can stimulate germina-
tion by direct exposure or indirectly by
binding to soil particles and being trans-
ferred in water or vapours (Keeley and
Fotheringham, 1997).

Dormant Emmenanthe seeds readily
imbibe water. However, while the seed-coat
layers are permeable to water and solutes,
there is a semi-permeable subdermal
cuticle, which allows water to pass but
blocks larger-molecular-weight solutes, e.g.
eosin and other dyes (Keeley and
Fotheringham, 1997, 1998a, b). Smoke or
low levels (7.7 X 10°® mg m~3) of nitrogen
dioxide change the characteristics of this
membrane and allow diffusion of solutes
that would otherwise be blocked. It is
unknown whether or not this change in
membrane diffusivity has any role in the
germination of this species, but one charac-
teristic suggests it might: seeds germinate
completely following seed-coat (including
the subdermal cuticle) scarification (Table
13.1). However, scarification-induced ger-
mination is widespread in many species,
and may not reflect on the smoke-induced
germination mechanism. It has been
posited (K. Bradford, 1997, personal com-
munication) that scarification-induced ger-
mination is a ‘wound response’, widely
selected for because of the inevitable
microbial infection to be expected once the
integrity of the seed-coat is broken. Further
evidence that the basis for scarification-
and smoke-induced germination may differ
is the fact that in Emmenanthe a gibberellic
acid inhibitor prevents germination of scar-
ified seeds but not of smoke-treated seeds
(Keeley and Fotheringham, 1998a).

In characterizing the germination
response of Emmenanthe, it has been shown
that germination is strongly dependent upon

oxidizing agents or a combination of acidity
and certain anions, such as nitrate or sul-
phate (however, these ions alone are ineffec-
tive). Many characteristics of Emmenanthe
germination fit Cohn’s model of dormancy-
breaking behaviour of weak acids, which
increase membrane permeability in the dis-
associated form (Cohn et al., 1983, 1987;
Cohn and Castle, 1984; Cohn and Hughes,
1986; Cohn, 1989, 1996). However, alterna-
tives have been proposed (e.g. Hendricks
and Taylorson, 1972; Keeley and
Fotheringham, 1998a; Raven and Yin, 1998).
It is likely that the mechanism of
smoke-stimulated germination is different
between species, which should be
expected, considering its wide phyloge-
netic distribution. Some smoke-stimulated
chaparral species share many of the same
germination responses with Emmenanthe,
including response to nitrogen dioxide, but
not all (Fig. 13.3). Two other smoke-stimu-
lated species are worth noting, because
they illustrate some of the variation in a
single community. The response of
Romneya coulteri to smoke is not unlike
that of Emmenanthe, but Romneya fails to
respond to nitrogen dioxide (although it is
stimulated by nitrite ions), to seed-coat
scarification or to treatment by strong acids
and oxidizing agents (Keeley and
Fotheringham, 1998b). Dicentra chrysantha
fails to germinate under all conditions
(Table 13.1), unless seeds are first pre-
treated by a long period (c. 1 year) of soil
burial. Following burial, seeds are still dor-
mant but are now highly sensitized and
will germinate in response to smoke
(Keeley and Fotheringham, 1998b). Ageing
has been shown to increase the response to
smoke in a great many Australian species
(Roche et al., 1997). However, in the case
of Dicentra, ageing per se is insufficient,
since shelf-stored seeds fail to respond to
smoke, suggesting that interactions with
the soil environment are necessary. It is
apparent that smoke-stimulated seeds have
different barriers to germination, which
require a particular order of environmental
cues. It is conceivable that such differences
in response may affect postfire community
structure, both spatially and temporally.
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Further variation is evident in the
response of Nicotiana attenuata, an annual
widespread in scrub and woodlands
throughout arid parts of western North
America. As with chaparral species so far
studied, Nicotiana seeds freely imbibe
water in the dormant state and thus have
endogenous dormancy (Baldwin et al.,
1994). It has been proposed that germina-
tion in this species is not tied to nitroge-
nous compounds, because germination is
triggered by treatment with pyrolysis prod-
ucts of a-cellulose (Baldwin et al., 1994).
Whether or not nitrogen is involved
remains to be determined, since these
experiments were all conducted with ~10
mol m~3 KNO, in the incubation medium
of controls and treatments. Previous stud-
ies on other smoke-stimulated species have
shown that, while nitrate in water fails to
stimulate germination (e.g. Table 13.1),
under acidic conditions, either from
buffers or added pyrolysis products, nitrate
is stimulatory to germination (Keeley and
Fotheringham, 1998a), suggesting that the
combination of protons and the nitrate
anion were involved in the germination
response. Nicotiana requires further work
before a role for nitrogenous compounds
can be ruled out.

Induced or enforced dormancy in soil-stored
seed banks

As discussed above, many species have
innate seed dormancy, which is overcome
by fire-related cues, such as heat and
charred wood. However, some species in
fire-prone environments do not exhibit
innate dormancy at the time of dispersal
and will germinate readily under labora-
tory conditions, but develop dormancy
under field conditions. For example,
California chaparral annuals — Cryptantha
spp., Nicotiana spp., Papaver californica
and others — collected from recent burn
sites have non-dormant seeds, which ger-
minate readily upon wetting (Keeley, 1987,
1991; Keeley and Fotheringham, 1998b). In
the field, however, populations of these
species are abundant only immediately

after fire, arising from dormant seed banks.
Their persistence is closely tied to the post-
fire environment and they decline in subse-
quent years, some disappearing entirely by
the third postfire year (J.E. Keeley, unpub-
lished data). This is circumstantial evi-
dence that dormancy is induced or
enforced by environmental factors develop-
ing after fire; Harper (1977) distinguishes
induced dormancy as an acquired inability
to germinate and enforced dormancy as
imposed by an environmental constraint,
such as lack of light or the presence of an
inhibitor. One of the earliest cases studied
was that of chemical inhibition (allelopa-
thy) of herbaceous species by chemicals
leached from the shrub canopy, putatively
selected to inhibit competitors (Muller et
al., 1964; McPherson and Muller, 1969; cf.
Keeley and Keeley, 1989). Alternatively,
inhibition of germination may represent
induced dormancy and result from an
evolved sensitivity to compounds indica-
tive of unfavourable shrub-dominated envi-
ronments (Koller, 1972; Angevine and
Chabot, 1979; Keeley, 1991); such com-
pounds are perhaps best described as ‘info-
chemicals’ (Smith and van Staden, 1995).
Preston and Baldwin (1999) have recently
provided field evidence consistent with the
idea of negative effectors enforcing dor-
mancy on N. attenuata, and they appear to
be associated with specific shrub species
(Baldwin and Morse, 1994).

Studies of chemical inhibition
(allelopathy) have proposed that postfire
germination is triggered by high-tempera-
ture destruction of inhibitory compounds
in the soil environment (Muller et al.,
1964; McPherson and Muller, 1969). This,
of course, implies enforced dormancy,
although it is possible that the chemical
environment in unburned soils induced
dormancy by converting the seeds to a state
where germination required heat or smoke.

In California chaparral, there is evi-
dence that species most closely tied to
postfire environments — i.e. strict ‘fire-fol-
lowing species’ — have innate dormancy,
and germination is not chemically inhib-
ited by the prefire soil environment,
whereas the more ‘opportunistic’ species,
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arising under a variety of disturbances,
have dormancy that is induced by chemi-
cals in the soil environment. Evidence of
this is in the ‘allelopathy’ experiments
reported by Christensen and Muller
(1975). They found that several postfire
endemics (e.g. Allophyllum glutinosum,
Emmenanthe penduliflora and Lotus sco-
parius) were insensitive to shrub leachates,
even when primed to germinate by scarifi-
cation (Table 13.1). In contrast, several of
the opportunistic species (e.g. Centaurea
melitensis, Cryptantha intermedia and
Lactuca serriola) were highly sensitive to
shrub leachates (Table 13.2).

Other examples of induced or enforced
dormancy include the highly opportunistic
coastal sage-scrub vegetation in California.
These subligneous shrubs readily recruit
in a variety of disturbances (DeSimone
and Zedler, 1999). Dominants, such as
Artemisia californica, Salvia mellifera and

Mimulus aurantiacus, have seeds that
exhibit a marked interaction between light
and charred wood. Seeds have a positive
photoblastic response — germinating read-
ily in the light — but are dormant in the
dark, thus cueing germination to gaps but
blocking germination of buried seeds.
However, following fire, this dark-induced
dormancy is broken by chemicals leached
from charred wood (Keeley, 1991). As with
the opportunistic N. attenuata (Preston and
Baldwin, 1999), these subshrubs appear to
be responding to both positive and nega-
tive effectors.

Ecological distribution of fire-dependent
regeneration

Fire-dependent seed release from seroti-
nous cones/fruits or smoke/heat-triggered
germination is largely concentrated in

Table 13.2. Effect of leaf leachate from the dominant chaparral shrub,
Adenostoma fasciculatum, on germination of herbaceous species, including: (i)
‘opportunistic’ species (common in many types of disturbance); and (ii) ‘post-
fire endemics’ (closely associated with fire; Convolvulus cyclostegius and
Lotus scoparius are heat-stimulated and the rest are smoke-stimulated). Seed-
coats of these postfire endemics were scarified to overcome innate dormancy.
(Based on data from Christensen and Muller, 1975.)

Percentage germination (mean =+ sp)

Species Controls Leachate
Opportunistic species
Bromus rigidus 94+ 6 97 + 4
(Poaceae)
Centaurea melitensis 93 +5 0+0
(Asteraceae)
Cryptantha intermedia 937 3+6
(Boraginaceae)
Erigeron divergens 94 + 1 0+0
(Asteraceae)
Lactuca serriola 94 £ 1 37 £ 11
(Asteraceae)
Postfire endemics
Allophyllum glutinosum 90 +0 83+0
(Polemoniaceae)
Convolvulus cyclostegius 92 +2 90+ 6
(Convolvulaceae)
Emmenanthe penduliflora 80+ 14 737
(Hydrophyllaceae)
Eucrypta chrysanthemifolia 95 +2 91 +9
(Hydrophyllaceae)
Lotus scoparius 96 + 2 95+ 4
(Fabaceae)
Phacelia grandiflora 65 4+3

(Hydrophyllaceae)
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ecosystems prone to stand-replacing fire
regimes (Fig. 13.1). Characteristics in com-
mon with such systems include predictable
but infrequent ignitions and moderate
site productivity, sufficient to accumulate
woody fuels but insufficient for arborescent
growth forms capable of ‘outgrowing’ fire
effects (e.g. high canopy, self-pruning,
thick bark, etc.). These are mostly
Mediterranean-climate shrublands, where
the winter/spring rainfall occurs under
mild temperatures, conducive to moderate
biomass production, but the severe sum-
mer drought limits the stature of the vege-
tation, maintaining a dense flammable
vegetation capable of fire spread through
the canopy and over large areas. Other veg-
etation types conducive to stand-replacing
fire regimes, such as densely stocked Pinus
contorta forests at mid-elevations in the
Rocky Mountains and high-latitude small-
stature Pinus banksiana forests, are also
dominated by postfire recruitment from
serotinous cones. These forests, however,
generally lack an understorey vegetation
with dormant seed banks that cue seed
recruitment to postfire conditions. Most
grasslands are subject to frequent stand-
replacing fires, but, with a few exceptions,
these species are not known to establish

dormant seed banks dependent upon fire
for recruitment.

Risks associated with fire-dependent
recruitment

In woody plants, vegetative regeneration
from underground stems or roots is often
associated with postfire regeneration, and
this provides a measure of protection in the
event of seed recruitment failure following
fire. However, with the exception of certain
gymnosperms, there is little evidence that
such resprouting has evolved in response
to fire, as it is almost ubiquitous in woody
dicotyledonous plants (Keeley, 1981;
Keeley and Zedler, 1998). In this light, it is
particularly interesting that, in the most
fire-prone habitats (i.e. shrublands of
California, South Africa and Western
Australia), shrub species in a number of
genera have evolutionarily lost the ability
to resprout and thus are dependent upon
seedling recruitment. These obligate-seed-
ing species are vulnerable to localized
extirpation if fire regimes fall outside their
range of tolerance, in terms of time to
maturity, adult longevity and seed-bank
persistence (Parker and Kelly, 1989). They
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Fig. 13.4. Risks associated with fire-dependent obligate seed regeneration.
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face an ‘immaturity risk’ (Fig. 13.4) if fires
are too frequent, i.e. occur before sufficient
seed banks have established. On the other
hand, if the fire return interval exceeds the
lifespan of the shrubs and their seed bank,
the population faces a ‘senescence risk’. At
present, humans contribute sufficiently to
the fire regime in most shrubland regions
(e.g. Keeley et al., 1999b) for the senes-
cence risk to be minimal (cf. Bond, 1980);
however, such is not the case for the imma-
turity risk. There are a number of well-doc-
umented cases where human intervention
in fire regimes has increased fire frequency
sufficiently to threaten fire-dependent
species (van Wilgen and Kruger, 1981;
Zedler et al., 1983; Haidinger and Keeley,
1993; Keeley et al., 1999a).

Another risk is the potential loss of
inclusive fitness due to delayed reproduc-
tion (e.g. Schaffer, 1974). Various arguments
have been proposed to account for the
selective factors involved in the evolution
of dormancy (Cohen, 1968). Ellner’s (1986)
hypothesized parent—offspring conflict in
seed germination would be interesting to
examine in these fire-type species.
Germination of heat-shock-stimulated seeds
is controlled by maternal seed-coat tissues,
but smoke-stimulated species appear to
have endogenous (embryonic) control of
germination. We posit that due to the time-
varying nature of fire-prone ecosystems,
rapid germination is avoided, because the
chances for successful recruitment are nil in
competition with the dominant vegetation.

Life-history syndromes

Fire-dependent recruitment appears to be
tied to other life-history characteristics,
including tolerance to drought stress and
shading (Keeley, 1998). Dormant soil-
stored seed banks triggered to germinate by
smoke/charred wood (and heat shock) are
not randomly distributed across growth
forms, but rather are common in annuals
and shrubby perennials, uncommon in
trees and rare in herbaceous perennials
(Keeley, 1991, 1995; Keeley and Bond,
1997). In California chaparral, species with

dormant seed banks have markedly smaller
seeds than those lacking dormancy (Keeley,
1991), a phenomenon observed in other
vegetation types as well (Rees, 1996).
Species with fire-dependent recruitment
are predominantly passive seed dispersers
— seeds are dispersed in time rather than
in space because, when fires occur, they
generate gaps of extraordinary size.
Indeed, animal-dispersed seeds in most
Mediterranean-climate shrublands lack
seed dormancy and animals play a crucial
role in targeting seeds to localized safe
sites present during the fire-free interval
(Keeley, 1991, 1992b, 1995).

Phylogenetic distribution of fire-dependent
regeneration

Serotiny versus soil-borne seed banks

Distribution of canopy- versus soil-stored
seeds differs globally. In the northern
hemisphere, serotiny is largely restricted to
conifer trees — primarily Pinus and
Cupressus — and soil-stored seed banks
are widespread in angiosperm shrubs.
Hypotheses for why gymnosperms have
evolved to adopt serotiny rather than soil
seed banks include: (i) lack of genetic
potential for the evolution of seed-
coat/embryo characteristics that enforce
dormancy and cue germination to heat or
smoke; (ii) selection for serotiny is linked
to other cone characteristics that reduce
predation; and (iii) serotinous conifer habi-
tats have moderate productivity and long
intervals between fires, resulting in forest-
floor fuel loads that essentially sterilize
soil-stored seeds when a fire occurs
(Thomas and Wein, 1994; Ne’eman, 1997;
Keeley and Zedler, 1998). Concomitantly,
lack of serotiny in northern-hemisphere
angiosperms may be tied to fuel structure
in these lower-stature shrubs, which leads
to fire intensities sufficient to decimate
above-ground seed banks.

In the southern hemisphere, particu-
larly in the South African and Western
Australian Mediterranean-climate shrub-
lands, serotiny is widespread in angiosperm
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shrubs (Lamont et al., 1991). This is in
sharp contrast to the lack of serotiny in
California chaparral and we hypothesize
that the infertile soils typical of these south-
ern-hemisphere sites reduce production and
consequently reduce fire intensity (van
Wilgen and van Hensbergen, 1992), thus
making canopy seed storage less likely to
succumb to fire than would be the case in
California chaparral. Also, the nutrient-
poor soils of these regions place a premium
on nutrient-rich seeds and thus another
selective advantage of canopy over soil
storage may be predator avoidance (Keeley,
1992a).

Heat- and smoke-stimulated germination

No detailed phylogenetic studies of fire-
stimulated germination are available.

Desert population no. 1
100 : - -

However, some generalizations are reason-
able. Based on the taxonomic distribution
of smoke- versus heat-stimulated germina-
tion, it is clear that there is a strong phylo-
genetic component to these germination
responses. For example, countless numbers
of species with heat-stimulated germina-
tion are known worldwide for the
Fabaceae and yet no example has been
reported for smoke-stimulated germination
in this family. It appears that this general-
ization applies equally well to other fami-
lies with heat-stimulated germination, such
as the Rhamnaceae and Malvaceae. These
families are also tied together in terms of
their seed-coat structure — a relatively con-
servative trait (Atwater, 1980).
Smoke-stimulated germination in dis-
tantly related families in the northern and
southern hemispheres is reasonably inter-
preted as convergent evolution, although
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Fig. 13.5. Germination response for Emmenanthe populations from desert and chaparral; Con, control; GA,
gibberellic acid (GA,); low smoke, half sheet of a 10 min smoked filter-paper, high smoke, whole smoked
filter-paper (redrawn from Fotheringham, 1999). GA, germination demonstrates high viability in all
populations. (Where columns are absent, germination was zero.)
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within family lineages it may have arisen
one or more times.

Recent studies have focused on wide-
spread species distributed in both fire-
prone chaparral and non-fire-prone desert
habitats (Fotheringham, 1999). Of particu-
lar interest is the observation that desert
populations of smoke-stimulated chaparral
species have a low level of smoke-triggered
germination (Fig. 13.5). Smoke-stimulated
germination has also been demonstrated in
arid karoo species of South Africa, where
fires are rare, and it has been suggested that
this observation calls into question the
adaptive role of smoke-stimulated germina-
tion in fire-prone habitats (Pierce et al.,
1995). There are alternative explanations.
In some chaparral species, it is apparent
that nitrogen oxides in smoke are the chem-
ical cue for germination. Biotic production
of nitrogen oxides are additional sources
and may even be more important triggers in
recent burns or even in non-fire-prone envi-
ronments. In deserts, such cues would be
associated with resource islands in and
around shrubs. Consistent with this notion
is the fact that there is significant micro-
habitat segregation — smoke (or nitrogen
oxide)-stimulated germination is com-
monly found in species growing in associa-
tion with shrubs (Fotheringham, 1999).

Indirect effects of fire on seed
regeneration

Light

European heathland species accumulate
substantial seed banks, which contribute to
postfire recruitment, and yet there is little
evidence that they are directly stimulated
by heat or fire-related chemicals (Hobbs et
al., 1984; Mallik et al., 1984; Mallik and
Gimingham, 1985). Two of the more com-
mon heath species, Calluna vulgaris and
Erica tetralix, have seeds that are light-
stimulated and it is proposed that burning,
as well as other disturbances, open the site
sufficiently for light to trigger germination
(Pons, 1989a).

Alternating temperatures

Some species accumulate seed banks with
innate dormancy that is broken by the
more extreme diurnal fluctuation in soil
temperatures on sites opened up by fire
(Brits, 1986; Pierce and Moll, 1994). These
are typically short-lived seed banks, which
also recruit on other open sites and are not
strictly tied to fire.

Colonization

In many conifer forests, trees and shrubs are
highly dependent upon disturbances such
as fire to produce gaps suitable for seedling
recruitment. Natural lightning-ignited fires
are frequent in these forests and, because of
the high site productivity, woody fuels lead
to a mixed-intensity stand-thinning fire
regime (Fig. 13.1). While much of the forest
remains intact, gaps of the order of 10>-10*
m? are common. Species such as Pinus pon-
derosa often require these gaps for success-
ful seedling recruitment, but, because they
do not maintain dormant seed banks, they
also require a seed source within dispersal
distance. Mature trees typically survive
these fires, because site productivity is suffi-
cient to promote rapid growth, which main-
tains the canopy of many trees above the
flame length, self-pruning of dead branches
limits fire spread into the canopy and thick
bark protects stems at flame level (Keeley
and Zedler, 1998).

Other species, such as Epilobium
angustifolium (Solbreck and Andersson,
1987) or Betula spp. (Hobbs et al., 1984),
have long-distance wind-dispersed seeds
capable of colonizing distant burned sites.
Such species typically have no dormancy
and establish rapidly upon encountering
suitable growing conditions (Romme et al.,
1995). Success of these colonizing species
is controlled by burn severity, which
affects gap size and competition, and by
fire size, which affects proximity of seed
sources (Turner et al., 1997). These species
commonly recruit on burned sites but they
are capable of capitalizing on other distur-
bances as well.
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Fire-induced flowering

A wide variety of species exhibit varying
degrees of flowering restriction to postfire
sites. The most extreme case is that of the
South African lily Cyrtanthus ventricosus,
which has only ever been observed to
flower after fire. Generally, it flowers within
a week following fire, regardless of the sea-
son (Le Maitre and Brown, 1992), and flow-
ering is triggered by smoke (Keeley, 1993).
Other geophytes in several fire-prone habi-
tats show a marked flowering response in
the first growing season after fire, tied to
increased light or nutrients or alternating
soil temperatures. The demography of such
species has not been studied in much
detail, but seedling recruitment appears to
be restricted to subsequent postfire years.
The typical pattern is resprouting from
buried vegetative structures that survive
fire and flowering and dispersing seeds in
the first postfire year, followed by massive
seedling recruitment in the second year.
This pattern is evident in many geophytes
and also perennial grasses in grasslands
and savannahs, as well as subshrubs in
coastal scrub vegetation.

Bamboo fire cycle

It is a widespread characteristic in
long-lived woody bamboos to delay flower-
ing and seed production for many decades
and then to synchronize flowering and
fruiting at the landscape scale, followed by
massive mortality of bamboo clones. There
are numerous reports in the literature of a
linkage between bamboo mortality, wild-
fires and seedling recruitment, e.g. ‘fierce
forest fires followed the death of the bam-
boo to be accompanied almost immediately
thereafter by copious natural regeneration’
(Kadambi, 1949). It has been hypothesized
that delayed reproduction, mast flowering
and semelparity are a character syndrome
selected to promote catastrophic wildfires,
which open forest canopies and maintain
the early successional stages necessary for
seedling success and long-term persistence
of clones (Keeley and Bond, 1999). In
essence, mast mortality has been selected
as a niche construction mechanism (e.g.
Odling-Smee et al., 1996) that increases the
likelihood of wildfires and promotes suc-
cessful recruitment.

References

Abrams, M.D. and Dickmann, D.I. (1984) Apparent heat stimulation of buried seeds of Geranium
bicknellii on jack pine sites in northern lower Michigan. Michigan Botanist 23, 81-88.

Angevine, M.W. and Chabot, B.F. (1979) Seed germination syndromes in higher plants. In: Solbrig,
O.T., Jain, S., Johnson, G.B. and Raven, P.H. (eds) Topics in Plant Population Biology. Columbia

University Press, New York, pp. 188-206.

Arianoutsou, M. and Thanos, C.A. (1996) Legumes in the fire-prone Mediterranean region: an exam-
ple from Greece. International Journal of Wildland Fire 6, 77—82.

Atwater, B.R. (1980) Germination, dormancy and morphology of the seeds of herbaceous ornamental
plants. Seed Science and Technology 8, 523-573.

Baldwin, I.T. and Morse, L. (1994) Up in smoke. 2. Germination of Nicotiana attenuata in response
to smoke-derived cues and nutrients in burned and unburned soils. Journal of Chemical Ecology
20, 2373-2392.

Baldwin, I.T., Stasza Kozinski, L. and Davidson, R. (1994) Up in smoke. 1. Smoke-derived germina-
tion cues for postfire annual, Nicotiana attenuata Torr ex Watson. Journal of Chemical Ecology
20, 2345-2372.

Ballard, L.A.T. (1981) Physical barriers to germination. Seed Science and Technology 1, 285-303.

Barro, S.C. and Poth, M. (1988) Seeding and sprouting Ceanothus species: their germination
responses to heat. In: di Castri, F., Floret, C., Rambal, S. and Roy, J. (eds) Time Scales and Water
Stress. Proceedings of the 5th International Conference on Mediterranean Ecosystems (MEDE-
COS V). International Union of Biological Sciences, Paris, pp. 155-158.

Baskin, C.C. and Baskin, J.M. (1998) Seeds. Ecology, Biogeography, and Evolution of Dormancy and
Germination. Academic Press, San Diego.



326 J.E. Keeley and C.J. Fotheringham

Baskin, J.M. and Baskin, C.C. (1997) Methods of breaking seed dormancy in the endangered species
Iliamna corei (Sherff) Sherr (Malvaceae), with special attention to heating. Natural Areas
Journal 17, 313-323.

Baxter, B.J.M., Staden, J.V., Granger, J.E. and Brown, N.A.C. (1994) Plant-derived smoke and smoke
extracts stimulate seed germination of the fire climax grass Themeda triandra. Environmental
and Experimental Botany 34, 217-223.

Bell, D.T. (1994) Interaction of fire, temperature and light in the germination response of 16 species
from the Eucalyptus marginata forest of south-western Western Australia. Australian Journal of
Botany 42, 501-509.

Bell, D.T., Plummer, J.A. and Taylor, S.K. (1993) Seed germination ecology in southwestern Western
Australia. Botanical Review 59, 24-73.

Bond, W.J. (1980) Fire and senescent fynbos in the Swartberg, Southern Cape. South African Forestry
Journal 114, 68-71.

Brits, G.J. (1986) Influence of fluctuating temperatures and H,O, treatment on the germination of
Leucospermum cordifolium and Serruria florida (Proteaceae) seeds. South African Journal of
Botany 123, 286—-290.

Brits, G.J., Calitz, F.J., Brown, N.A.C. and Manning, J.C. (1993) Desiccation as the active principle in
heat-stimulated seed germination of Leucospermum R.Br. (Proteaceae) in fynbos. New
Phytologist 125, 397—403.

Brits, G.J., Cutting, J.G.M., Brown, N.A.C. and van Staden, J. (1995) Environmental and hormonal reg-
ulation of seed dormancy and germination in Cape fynbos Leucospermum R.Br. (Proteaceae)
species: a working model. Plant Growth Regulation 17, 181-193.

Brown, N.A.C. (1993a) Promotion of germination of fynbos seeds by plant-derived smoke. New
Phytologist 123, 185—192.

Brown, N.A.C. (1993b) Seed germination in the fynbos fire ephemeral, Syncarpha vestita (L.) B.Nord.
is promoted by smoke, aqueous extracts of smoke and charred wood derived from burning the
ericoid-leaved shrub, Passerina vulgaris Thoday. International Journal of Wildland Fire 3,
203-206.

Christensen, N.L. (1973) Fire and the nitrogen cycle in California chaparral. Science 181, 66—68.

Christensen, N.L. and Muller, C.H. (1975) Effects of fire on factors controlling plant growth in
Adenostoma chaparral. Ecological Monographs 45, 29-55.

Cocks, M.P. and Stock, W.D. (1997) Heat stimulated germination in relation to seed characteristics in
fynbos legumes of the western Cape Province, South Africa. South African Journal of Botany 63,
129-132.

Cohen, D. (1968) A general model of optimal reproduction in a randomly varying environment.
Journal of Ecology 56, 219-228.

Cohn, M.A. (1989) Factors influencing the efficacy of dormancy-breaking chemicals. In: Taylorson,
R.B. (ed.) Recent Advances in the Development and Germination of Seeds. Plenum Press, New
York, pp. 261-267.

Cohn, M.A. (1996) Chemical mechanisms of breaking seed dormancy. Seed Science Research 6,
95-99.

Cohn, M.A. and Castle, L. (1984) Dormancy in red rice. IV. Response of unimbibed and imbibing
seeds to nitrogen dioxide. Plant Physiology 60, 552—556.

Cohn, M.A. and Hughes, J.A. (1986) Seed dormancy in red rice. VI. Response to azide, hydroxy-
lamine, and cyanide. Plant Physiology 80, 531-533.

Cohn, M.A., Butera, D.L. and Hughes, J.A. (1983) Seed dormancy in red rice. IIIl. Response to nitrite,
nitrate, and ammonium ions. Plant Physiology 73, 381-384.

Cohn, M.A., Chiles, L.A., Hughes, J.A. and Boullion, K.J. (1987) Seed dormancy in red rice. VL
Monocarboxylic acids: a new class of pH-dependent germination stimulants. Plant Physiology
84, 716-719.

Cushwa, C.T., Martin, R.E. and Miller, R.T. (1968) The effects of fire on seed germination. Journal of
Range Management 21, 250-254.

Davis, F.W., Borchert, M.I. and Odion, D.C. (1989) Establishment of microscale vegetation pattern in
maritime chaparral after fire. Vegetatio 84, 53—67.

DeSimone, S.A. and Zedler, P.H. (1999) Shrub seedling recruitment in unburned Californian coastal
sage scrub and adjacent grassland. Ecology 80, 2018—2032.

Dixon, K.W., Roche, S. and Pate, J.S. (1995) The promotive effect of smoke derived from burnt native
vegetation on seed germination of Western Australian plants. Oecologia 101, 185-192.

Dunn, P.H. and DeBano, L.F. (1977) Fire’s effect on biological and chemical properties of chaparral
soils. In: Mooney, H.A. and Conrad, C.E. (eds) Proceedings of the Symposium on Environmental
Consequences of Fire and Fuel Management in Mediterranean Ecosystems. USDA Forest
Service, Washington, DC, pp- 75—-84.

Ellner, S. (1986) Germination dimorphisms and parent-offspring conflict in seed germination.
Journal of Theoretical Biology 123, 173-185.



Role of Fire in Regeneration from Seed 327

Enright, N.J., Goldblum, D., Ata, P. and Ashton, D.H. (1997) The independent effects of heat, smoke
and ash on emergence of seedlings from the soil seed bank of a healthy Eucalyptus woodland in
Grampians (Gariwerd) National Park, western Victoria. Australian Journal of Ecology 22, 81-88.

Fletcher, F. (1910) Effect of previous heating of the soil on the growth of plants and the germination
of seeds. Cairo Scientific Journal 4, 81-86.

Fotheringham, C.J. (1999) Spatial and temporal factors influencing desert annual seed germination
behavior. Unpublished MS thesis, California State University, Los Angeles.

Gadgil, M. and Bossert, W.H. (1970) Life historical consequences of natural selection. American
Naturalist 104, 1-24.

Grigore, M.T. and Tramer, E.J. (1996) The short-term effect of fire on Lupinus perennis (L.). Natural
Areas Journal 16, 41-48.

Haidinger, T.L. and Keeley, J.E. (1993) Role of high fire frequency in destruction of mixed chaparral.
Madrorfio 40, 141-147.

Hanley, M.E. and Fenner, M. (1998) Pre-germination temperature and the survivorship and onward
growth of Mediterranean fire-following plant species. Acta Oecologica 19, 181-187.

Harper, J.L. (1977) Population Biology of Plants. Academic Press, New York.

Harrington, J.P. (1932) Tobacco among the Karok Indians of California. Bureau of American
Ethnology Bulletin 94, Smithsonian Institution, Washington, DC.

Hendricks, S.B. and Taylorson, R.B. (1972) Promotion of seed germination by nitrates and cyanides.
Nature 237, 169-170.

Henig-Sever, N., Eshel, A. and Ne’eman, G. (1996) pH and osmotic potential of pine ash as post-fire
germination inhibitors. Physiologia Plantarum 96, 71-76.

Herranz, J.M., Gerrandis, P. and Martinez-Sanchez, J.J. (1998) Influence of heat on seed germination
of seven Mediterranean Leguminosae species. Plant Ecology 136, 95—-103.

Hilhorst, HW.M. and Karssen, C.M. (1989) The role of light and nitrate in seed germination. In:
Taylorson, R.B. (ed.) Recent Advances in the Development and Germination of Seeds. Plenum
Press, New York, pp. 191-205.

Hobbs, R.J., Mallik, A.U. and Gimingham, C.H. (1984) Studies on fire in Scottish heathland commu-
nities. III. Vital attributes of the species. Journal of Ecology 72, 963-976.

Jaynes, R.A. (1968) Breaking seed dormancy of Kalmia hirsuta with high temperatures. Ecology 49,
1196-1198.

Jefferey, D.J., Holmes, PM. and Rebelo, A.G. (1988) Effects of dry heat on seed germination in
selected indigenous and alien legume species in South Africa. South African Journal of Botany
54, 28-34.

Jones, C.S. and Schlesinger, W.H. (1980) Emmenanthe penduliflora (Hydrophyllaceae): further con-
sideration of germination response. Madrofio 27, 122—-125.

Kadambi, K. (1949) On the ecology and silviculture of Dendrocalamus strictus in the bamboo forests
of Bhadrvati Division, Mysore State, and comparative notes on the species Bambusa arundi-
nacea, Ochlandra travancorica, Oxytenanthera monostigma and O. stocksii. Indian Forester 75,
289-299.

Keeley, J.E. (1981) Reproductive cycles and fire regimes. In: Mooney, H.A., Bonnicksen, T.M.,
Christensen, N.L., Lotan, J.E. and Reiners, W.A. (eds) Proceedings of the Conference Fire
Regimes and Ecosystem Properties. General Technical Report WO-26, USDA Forest Service,
Washington, DC, pp. 231-277.

Keeley, J.E. (1987) Role of fire in seed germination of woody taxa in California chaparral. Ecology 68,
434-443.

Keeley, J.E. (1991) Seed germination and life history syndromes in the California chaparral. Botanical
Review 57, 81-116.

Keeley, J.E. (1992a) A Californian’s view of fynbos. In: Cowling, R.M. (ed.) The Ecology of Fynbos.
Oxford University Press, Cape Town, pp. 372—388.

Keeley, J.E. (1992b) Temporal and spatial dispersal syndromes. In: Thanos, C.A. (ed.) MEDECOS VI.
Proceedings of the 6th International Conference on Mediterranean Climate Ecosystems,
Plant-animal Interactions in Mediterranean-type ecosystems. University of Athens, Athens,
Greece, pp. 251-256.

Keeley, J.E. (1993) Smoke-induced flowering in the fire-lily Cyrtanthus ventricosus. South African
Journal of Botany 59, 638.

Keeley, J.E. (1995) Seed germination patterns in fire-prone Mediterranean-climate regions. In: Arroyo,
M.T.K., Zedler, PH. and Fox, M.D. (eds) Ecology and Biogeography of Mediterranean
Ecosystems in Chile, California and Australia. Academic Press, San Diego, pp. 239-273.

Keeley, J.E. (1998) Coupling demography, physiology and evolution in chaparral shrubs. In: Rundel,
P.W., Montenegro, G. and Jaksic, FM. (eds) Landscape Diversity and Biodiversity in
Mediterranean-type Ecosystems. Springer, New York, pp. 257-264.

Keeley, J.E. and Bond, WJ. (1997) Convergent seed germination in South African fynbos and
Californian chaparral. Plant Ecology 133, 153—167.



328 J.E. Keeley and C.J. Fotheringham

Keeley, J.E. and Bond, W.J. (1999) Mast flowering and semelparity in bamboo: the fire cycle hypothe-
sis. American Naturalist 154, 383-391.

Keeley, J.E. and Fotheringham, C.J. (1997) Trace gas emissions in smoke-induced seed germination.
Science 276, 1248-1250.

Keeley, J.E. and Fotheringham, C.J. (1998a) Mechanism of smoke-induced seed germination in a post-
fire chaparral annual. Journal of Ecology 86, 27—-36.

Keeley, J.E. and Fotheringham, C.J. (1998b) Smoke-induced seed germination in California chaparral.
Ecology 79, 2320—-2336.

Keeley, J.E. and Keeley, M.B. (1999) Role of charred wood, heat-shock, and light in germination of
postfire Phrygana species from the eastern Mediterranean Basin. Israel Journal of Plant Sciences
47, 11-16.

Keeley, J.E. and Keeley, S.C. (1989) Allelopathy and the fire induced herb cycle. In: Keeley, S.C. (ed.)
The California Chaparral: Paradigms Reexamined. Natural History Museum of Los Angeles
County, Los Angeles, pp. 65-72.

Keeley, J.E. and Nitzberg, M.E. (1984) The role of charred wood in the germination of the chaparral
herbs Emmenanthe penduliflora (Hydrophyllaceae) and Eriophyllum confertiflorum
(Asteraceae). Madrorfio 31, 208—218.

Keeley, J.E. and Zedler, P.H. (1998) Evolution of life histories in Pinus. In: Richardson, D.M. (ed.)
Ecology and Biogeography of Pines. Cambridge University Press, Cambridge, UK, pp. 219-251.

Keeley, J.E., Morton, B.A., Pedrosa, A. and Trotter, P. (1985) Role of allelopathy, heat, and charred
wood in the germination of chaparral herbs and suffrutescents. Journal of Ecology 73, 445—458.

Keeley, J.E., Ne’eman, G. and Fotheringham, C.J. (1999a) Immaturity risk in a fire dependent pine.
Journal of Mediterranean Ecology 1, 41—47.

Keeley, J.E., Fotheringham, C.J. and Morais, M. (1999b) Reexamining fire suppression impacts on
brushland fire regimes. Science 284, 1829-1832.

Keeley, S.C. and Pizzorno, M. (1986) Charred wood stimulated germination of two fire-following
herbs of the California chaparral and the role of hemicellulose. American Journal of Botany 73,
1289-1297.

Kilian, D. and Cowling, R.M. (1992) Comparative seed biology and co-existence of two fynbos shrub
species. Journal of Vegetation Science 3, 637—646.

Koller, D. (1972) Environmental control of seed germination. In: Kozlowski, T.T. (ed.) Seed Biology,
Vol. II. Academic Press, New York, pp. 1-107.

Lamont, B.B., Maitre, D.C.L., Cowling, R.M. and Enright, N.J. (1991) Canopy seed storage in woody
plants. Botanical Review 57, 277-317.

Le Maitre, D.C. and Brown, P.J. (1992) Life cycles and fire-stimulated flowering in geophytes. In: van
Wilgen, B.W., Richardson, D.M., Kruger, F.J. and van Hensbergen, H.J. (eds) Fire in South
African Mountain Fynbos. Springer-Verlag, Berlin, pp. 145-160.

McCormac, J.S. and Windus, J.L. (1993) Fire and Cuscuta glomerata Choisy in Ohio: a connection?
Rhodora 95, 158—165.

McPherson, J.K. and Muller, C.H. (1969) Allelopathic effects of Adenostoma fasciculatum, ‘chamise,’
in the California chaparral. Ecological Monographs 39, 177—198.

Mallik, A.U. and Gimingham, C.H. (1985) Ecological effects of heather burning. II. Effects of seed ger-
mination and vegetative regeneration. Journal of Ecology 73, 633—644.

Mallik, A.U., Hobbs, R.J. and Legg, C.J. (1984) Seed dynamics in Calluna—Arctostaphylos heath in
north-eastern Scotland. Journal of Ecology 72, 855—871.

Marks, P.L. (1979) Apparent fire-stimulated germination of Rhus typhina seeds. Bulletin of the Torrey
Botanical Club 106, 41-42.

Martin, R.E., Miller, R.L. and Cushwa, C. (1975) Germination response of legume seeds subjected to
moist and dry heat. Ecology 56, 1441-1445.

Muller, C.H., Muller, W.H. and Haines, B.L. (1964) Volatile growth inhibitors produced by aromatic
shrubs. Science 143, 471-473.

Musil, C.F. and de Witt, D.M. (1991) Heat-stimulated germination in two Restionaceae species. South
African Journal of Botany 57, 175—176.

Ne’eman, G. (1997) Regeneration of natural pine forest — review of work done after the 1989 fire in
Mount Carmel, Israel. International Journal of Wildland Fire 7, 295-306.

Ne’eman, G., Henig-Sever, N. and Eshel, A. (1999) Regulation of the germination of Rhus coriaria, a
post-fire pioneer, by heat, ash, pH, water potential and ethylene. Physiologia Plantarum 1086,
47-52.

Odling-Smee, F.J., Laland, K.N. and Feldman, M.W. (1996) Niche construction. American Naturalist
147, 641-648.

O’Dowd, D.J. and Gill, A.M. (1984) Predator satiation and site alteration following fire: mass repro-
duction of alpine ash (Eucalyptus delegatensis) in southeastern Australia. Ecology 65,
1052-1066.



Role of Fire in Regeneration from Seed 329

Parker, V.T. (1987) Effects of wet-season management burns on chaparral vegetation: implications for
rare species. In: Elias, T.S. (ed.) Conservation and Management of Rare and Endangered Plants.
California Native Plant Society, Sacramento, pp. 233-237.

Parker, V.T. and Kelly, V.R. (1989) Seed banks in California chaparral and other Mediterranean cli-
mate shrublands. In: Leck, M.A., Parker, V.T. and Simpson, R.L. (eds) Ecology of Soil Seed
Banks. Academic Press, New York, pp. 231-255.

Pierce, S.M. and Moll, E.J. (1994) Germination ecology of six shrubs in fire-prone Cape fynbos.
Vegetatio 110, 25—41.

Pierce, S.M., Esler, K. and Cowling, R.M. (1995) Smoke-induced germination of succulents
(Mesembryanthemaceae) from fire-prone and fire-free habitats in South Africa. Oecologia 102,
520-522.

Pons, T.L. (1989a) Dormancy and germination of Calluna vulgaris (L.) Hull and Erica tetralix L.
seeds. Acta Oecologica 10, 35—43.

Pons, T.L. (1989b) Breaking of seed dormancy by nitrate as a gap detection mechanism. Annals of
Botany 63, 139-143.

Preston, C.A. and Baldwin, I.T. (1999) Positive and negative signals regulate germination in the post-
fire annual, Nicotiana attenuata. Ecology 80, 481—494.

Quinn, R.D. (1994) Animals, fire, and vertebrate herbivory in Californian chaparral and other
Mediterranean-type ecosystems. In: Moreno, J.M. and Oechel, W.C. (eds) The Role of Fire in
Mediterranean-type Ecosystems. Springer-Verlag, New York, pp. 46—77.

Raven, J.A. and Yin, Z.H. (1998) The past, present and future of nitrogenous compounds in the
atmosphere, and their interactions with plants. New Phytologist 139, 205-219.

Read, T.R. and Bellairs, S.M. (1999) Smoke affects the germination of native grasses of New South
Wales. Australian Journal of Botany 47, 563-576.

Rees, M. (1996) Evolutionary ecology of seed dormancy and seed size. Philosophical Transactions of
the Royal Society of London, B 351, 1299-1308.

Roche, S., Dixon, K.W. and Pate, J.S. (1997) Seed ageing and smoke: partner cues in the amelioration
of seed dormancy in selected Australian native species. Australian Journal of Botany 45,
783-815.

Romme, W.H., Bohland, L., Persichetty, C. and Caruso, T. (1995) Germination ecology of some com-
mon forest herbs in the Yellowstone National Park, Wyoming, USA. Arctic and Alpine Research
27,407-412.

Sabiiti, E.N. and Wein, R.W. (1987) Fire and Acacia seeds: a hypothesis of colonization success.
Journal of Ecology 74, 937—946.

Schaffer, WM. (1974) Optimal reproductive effort in fluctuating environments. American Naturalist
103, 783-790.

Skordilis, A. and Thanos, C.A. (1995) Seed stratification and germination strategy in the
Mediterranean pines Pinus brutia and P. halepensis. Seed Science Research 5, 151-160.

Smith, M.T. and van Staden, J. (1995) Infochemicals: the seed—fungus—root continuum.
Environmental and Experimental Biology 35, 113—-123.

Solbreck, C. and Andersson, D. (1987) Vertical distribution of fireweed, Epilobium angustifolium,
seeds in the air. Canadian Journal of Botany 65, 2177-2178.

Thanos, C.A. and Rundel, P.W. (1995) Fire-followers in chaparral: nitrogenous compounds trigger
seed germination. Journal of Ecology 83, 207—216.

Thanos, C.A., Georghiou, K., Kadis, C. and Pantazi, C. (1992) Cistaceae: a plant family with hard
seeds. Israel Journal of Botany 41, 251-263.

Thomas, P.A. and Wein, R.W. (1994) Amelioration of wood ash toxicity and jack pine establishment.
Canadian Journal of Forest Research 24, 748-755.

Trabaud, L. and Oustric, J. (1989) Heat requirements for seed germination of three Cistus species in
the garrigue of southern France. Flora 183, 321-325.

Turner, M.G., Romme, W.H., Gardner, R.H. and Hargrove, W.W. (1997) Effects of fire size and pattern
on early succession in Yellowstone National Park. Ecological Monographs 67, 411-433.

van Staden, J., Drewes, F.E. and Jager, A.K. (1995) The search for germination stimulants in plant-
derived smoke extracts. South African Journal of Botany 61, 260—-263.

van Wilgen, B.W. and Kruger, F.J. (1981) Observations on the effects of fire in mountain fynbos at
Zachariashoek, Paarl. Journal of South African Botany 47, 195-212.

van Wilgen, B.W. and van Hensbergen, H.J. (1992) Fuel properties of vegetation in Swartboskloof. In:
van Wilgen, B.W., Richardson, D.M., Kruger, F.J. and van Hensbergen, H.]. (eds) Fire in South
African Mountain Fynbos. Springer-Verlag, Berlin, pp. 37-53.

Washitani, I. (1988) Effects of high temperatures on the permeability and germinability of the hard
seeds of Rhus javanica L. Annals of Botany 62, 13—16.

Wells, C.G., DeBano, L.F., Lewis, C.E., Fredriksen, R.L., Franklin, E.C., Froelich, R.C. and Dunn, P.H.
(1979) Effects of Fire on Soil: a State-of-knowledge Review. General Technical Report WO-7.1,
USDA Forest Service, Washington, DC. 134 pp.



330 J.E. Keeley and C.J. Fotheringham

Westermeier, L.J. (1978) Effects of dry and moist heat shocks on seed viability and germination of
Lotus strigosus and Lupinus excubitus var. hallii. Unpublished MA thesis, California State
University, Fullerton.

Westoby, M. (1981) How diversified seed germination behaviour is selected. American Naturalist
118, 882—-885.

Wicklow, D.T. (1977) Germination response in Emmenanthe penduliflora (Hydrophyllaceae). Ecology
58, 201-205.

Wicklow, D.T. (1988) Parallels in the development of post-fire fungal and herb communities.
Proceedings of the Royal Society of Edinburgh 94B, 87—95.

Wolf, C.B. (1948) Taxonomic and distributional studies of the New World cypresses. Aliso 1, 1-250,
325-444,

Zedler, P.H., Gautier, C.R. and McMaster, G.S. (1983) Vegetation change in response to extreme
events: the effect of a short interval between fires in California chaparral and coastal scrub.
Ecology 64, 809-818.



