In M.T.KK Arroyo, P.H. Zedler, and M.D. Fox (eds). 199& Ecology and biogeography of
Mediterranean ecosystems in Chile, California, and Australia. Springer-Verlag, New York.

10. Seed-Germination Patterns in Fire-Prone
Mediterranean-Climate Regions

Jon E. Keeley

Wildfires are a known feature of mediterranean ecosystems and most plant
communities are resilient to such perturbations; many species have evolved
adaptations to periodic fires (Keeley 1986). Resilience to a perturbation such
as wildfire does not, however, imply that resilient species have evolved traits
adapted to such disturbance. In all mediterranean ecosystems many woody
and herbaceous species recover after wildfires by resprouting from below-
ground vegetative structures, but resprouting is a widespread trait in plants
and is probably a preadaptation to surviving fires (Wells 1969).

In mediterranean ecosystems three modes of plant life history are recog-
nizable:

1. Species that resprout after fire but fail to recruit seedlings in the postfire
environment. Such taxa are resilient to fires and may require extended
fire-free periods for seedling recruitment (Keeley 1992a). With respect
to fire, such species are described in the literature as obligate resprouters
or fire persisters. For seedling recruitment, these taxa are best described
as having “disturbance-free recruitment,” because opportunities for re-
cruitment and population expansion occur in the absence of disturbance.

2. Species that restrict seedling recruitment to the immediate postfire envi-
ronment. Depending on whether or not these species resprout after fire,
they have been described as obligate seeders or facultative seeders. Unlike
the first group of plants, these taxa have ‘“disturbance-dependent re-
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cruitment.” For these species, opportunities for recruitment and popula-
tion expansion are restricted to a short time immediately after fire.

3. Species that do not recruit seedlings immediately after fire but potentially
exploit subsequent postfire years for seedling recruitment. Some of these
species resprout and flower in the first year after fire. Others may disperse
into burned sites. I describe these species as having “disturbance-depen-
dent recruitment” but in later postfire years.

My focus in this chapter is to compare the seed germination behavior of
“disturbance-dependent™ and “disturbance-free” modes of life history. As
has been demonstrated for California chaparral (Keeley 1991), many other
characteristics are correlated with these two life history syndromes.

Seed Dormancy and Germination

If a viable seed does not germinate when incubated under appropriate mois-
ture and temperature ranges, it is considered dormant. Different forms of
dormancy are possible (Harper 1977). “Induced” dormancy is acquired in-
ability to germinate, due to an environmental condition experienced by the
seed after dispersal from the parent, and may persist even after that condi-
tion disappears. Many authors call this state secondary dormancy. “En-
forced” dormancy is imposed by an environmental restraint such as lack of
light or presence of an ambient inhibitor to germination. “Innate’” dormancy
is what most other authors call primary dormancy.

Little is known about induced seed dormancy in seeds of mediterranean-
species. One observation that suggests its presence is the report that for some
California chaparral species, fresh seeds germinate readily whereas older
seeds require treatment to break dormancy (e.g., Emery 1988).

Enforced seed dormancy imposed by allelopathic compounds has been
suggested as an important factor controlling germination in many mediterra-
nean plants. The role of this factor in most ecosystems is a matter of much
controversy.

Innate dormancy describes embryos that require an after-ripening period
for development, or embryos that require some biochemical transformation
that is cued by: (1) an environmental stimulus, (2) an inhibitor in the seed
coat that needs to be leached from the seed, or (3) the seed coat, which acts
as a barrier to water or oxygen uptake and requires scarification.

Most studies of seed germination of mediterranean species have focused
on delineating not the mechanisms responsible for dormancy, but rather the
extent to which dormancy could be broken by fire. Refractory seeds are
those in which germination depends upon the stimulus of either intense heat
shock or chemicals leached from charred wood (Keeley 1991). Thus, my
primary focus in this review will be to evaluate the distribution of refractory
and nonrefractory seeds in mediterranean ecosystems and the life-history
characteristics associated with these two patterns of germination.
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California Chaparral

Table 10.1 gives examples of chaparral taxa that illustrate the patterns of
germination response evident in the California flora. These germination re-
sponses, as we would expect, correlate well with whether the species has
disturbance-free or disturbance-dependent seedling recruitment.

Disturbance-Free Recruitment

Species present after fire strictly from resprouts fail to recruit seedlings be-
cause they lack a persistent seed bank (Parker and Kelly 1989). The trans-
iency of the seed banks of such species derives from the nonrefractory nature
of these seeds and thus do not require fire-related stimuli, e.g., Quercus
dumosa (Fagaceae) (Table 10.2). Seeds germinate readily at maturity and are

Table 10.1. Representative examples of species exhibiting different germination characteristics
from the chaparral. Apparently all herbaceous perennials, including geophytes, have nonre-

fractory seeds

Nonrefractory seeds

Heat-stimulated seeds

Charred-wood-
stimulated seeds

Shrubs
Fagaceae
Quercus dumosa
Rhamnaceae
Rhamnus spp.
Rosaceae
Prunus ilicifolia
Subshrubs
Agavaceae
Yucca whipplei
Polygonaceae ,
Eriogonum fasciculatum
Scrophulariaceae
Keckiella spp.
Herbaceous perennials
Amaryllidaceae
Allium spp.
Liliaceae
Zigadenus fremontii
Paeoniaceae
Paeonia californica
Annuals
Asteraceae
Microseris heterocarpa
Polygonaceae
Chorizanthe spp.
Scrophulariaceae
Cordylanthus spp.

Anacardiaceae

Rhus spp.
Rhamnaceae

Ceanothus spp.
Sterculiaceae

Fremontodendron spp.

Cistaceae

Helianthemum scoparium
Fabaceae

Lotus scoparius
Lamiaceae

Salvia apiana

Apiaceae

Apiastrum angustifolium
Fabaceae

Lotus salsuginosus
Onagraceae

Camissonia hirtella

Ericaceae

Arctostaphylos spp.
Garryaceae

Garrya flavescens
Rosaceae

Adenostoma fasciculatum

Papaveraceae

Romneya spp.
Lamiaceae

Salvia mellifera
Hydropyllaceae

Eriodictyon crassifolium

Papaveraceae

Papaver californica
Caryophyllaceae

Silene multinervia
Hydropyllaceae

Emmenanthe pendulifiora




242

J.E. Keeley

Table 10.2. Germination patterns of species with nonrefractory seeds, heat-shock—stimulated
germination and charred-wood-stimulated germination (data from Keeley 1987 and Keeley et

al. 1985)
Percentage germination
_ Light Dark

Temperature (C) 70 80 100 120 150 70 100 120
Time (min) Control 120 60 5 5 5 Control 120 5 5
Quercus dumosa (shrub)

Control 77 0 — 57 55 — 66 0 60. 47

Charred wood 68 0 — 53 27 — 70 0 40 50
Artemisia californica (subshrub)

Control 73 56 — 47 56 — 0 10 3 0

Charred wood 78 80 — 81 87 — 62 49 64 50
Ceanothus megacarpus (shrub) .

Control 11 41 — 48 80 — 6 54 53 88

Charred wood -2 40 — 40 61 — 3 40 56 67
Camissonia hirtella (annual)

Control 30 — 49 — 66 69 — — - =

Charred wood 26 — 33 — 22 20 — — - =
Romneya trichocalyx (suffrutescent)

Control 0 0 — 0 0 — 0 0 0 ]

Charred wood 24 33 — 34 24 — 17 11 13 10

short-lived; probably none survive beyond nine months in the soil. Examples
of other such species, all long-lived evergreen shrubs, with this syndrome
include Heteromeles arbutifolia (Rosaceae), Rhamnus spp. (Rhamnaceae),
and Prunus spp. (Rosaceae).

Shrub species with nonrefractory seeds produce fleshy fruits or acorns
that mature in autumn and winter and are animal dispersed. Germination
typically occurs within weeks of the first autumn or winter rains, although
seedling establishment is generally rare. The only reports of seedling re-
cruitment come from stands free of fire for more than fifty years (Patric and
Hanes 1964, Zedler 1981, Keeley et al. 1986, Keeley 1992a, 1992b).

Physiologically, these ‘“‘disturbance-free recruiters” are the least drought
tolerant of the shrub species in chaparral (Keeley 1992b, 1992d). Adults
survive because the established root crowns maintain a root system that
allows the plant to avoid extreme stress from summer drought. Seedling
recruitment, however, is vulnerable and their recruitment pattern is viewed
as a mechanism for escaping the extreme aridity of open disturbed sites.
It is argued (Keeley 1992d) that animal dispersal is a necessary correlate of
this recruitment syndrome because safe sites for seedlings are a relatively
small portion of this arid landscape. Autumn and winter dispersal would
take advantage of migrating birds as well as provide for dispersal of these
short-lived seeds during the appropriate season for successful seedling
establishment.
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Disturbance-Dependent Recruitment: Immediate Postfire

For many chaparral species, seedling establishment is restricted to the first
spring after fire. In all but a few species, seeds are refractory and seedlings
arise from a persistent seed bank. Correlated with this syndrome must be
great seed longevity and a germination mechanism for sensing fire. Two
mechanisms have evolved in chaparral species for detecting when a fire has
passed through a site. One involves germination stimulated by intense heat
shock, and the other involves germination stimulated by chemicals produced
by combustion of wood. Examples of species with dormant seeds that ger-
minate in response to one or the other of these two stimulii are shown in
Table 10.2. Under natural conditions refractory seeds “require” a fire-
related stimulus, either alone or coupled with other conditions such as a
cold stratification period.

Shrubs in the genus Ceanothus (Rhamnaceae) have been known for many
years to be highly refractory and to germinate only after exposure to intense
heat (Table 10.2). Ceanothus typically have a very small percentage of non-
refractory seeds, whereas in other taxa such as Camissonia hirtella (Onagra-
ceae), a significant fraction of the seed pool is nonrefractory and germinates
readily upon wetting (Table 10.2). In species with heat-stimulated germina-
tion, dormancy is imposed by the seed coat, which prevents uptake of water
and gases (Stone and Juhren 1951). These seeds are commonly referred to as
“hard” and typically are covered with an unbroken cuticle that prevents
imbibition (Fig. 10.1A) Heat shock melts or cracks the cuticle or integu-
ments and allows imbibition (Fig. 10.1B). Such ‘“hard-seeded” species with
disturbance-dependent seedling recruitment are not unique to mediterranean
ecosystems. For example, Martin and Cushwa (1966) describe species from
the southeastern United States with ‘“‘hard” seeds that lie dormant in soil
until germination is stimulated by heat shock from fire.

Many chaparral species have dormant seeds that are stimulated to germi-
nate after fire by the presence of charred wood (Table 10.1). Romneya
trichocalyx (Papaveraceae) is one example of a species that exhibits nearly
obligatory dependence upon charred wood to overcome dormancy (Table
10.2). More than 40 chaparral species have been reported to have refractory
seeds that germinate in response to incubation in the presence of charred
wood (Wicklow 1977, Jones and Schlesinger 1980, Keeley et al. 1985, Keeley
1987, 1991, Keeley and Keeley 1987). Heat shock is ineffective in stimulating
germination in most of these species. As with heat shock-stimulated germi-
nation, some species have polymorphic seed pools in which some seeds are
nonrefractory and germinate readily and others are refractory and germinate
only in the presence of charred wood.

The mechanism behind germination stimulated by charred wood is un-
known. Experiments thus far have revealed that the chemical is a water-
soluble organic compound present in soils of recently burned chaparral
(Keeley and Nitzberg 1984, Keeley et al. 1985). Most experiments have been
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Figure 10.1. SEM (2000x) of Lotus scoparius seed coats (A) before, and (B) after heat
treatment (120°C for 5 minutes) (from Keeley unpub. data). This species has heat
shock—stimulated germination (Keeley 1991).

unsuccessful at pinpointing the precise chemical involved, despite tests of
more than twenty potential breakdown products of lignin and cellulose (S.
Keeley and Pizzorno 1986, Keeley unpub. data). Recent experiments, how-
ever, reveal that for one species, Romneya coulteri, the charred wood-
stimulated germination response can be duplicated by using either smoke or
gibberellic acid (Keeley unpub. data).

For species with heat-stimulated seeds and species with charred-wood—
stimulated seeds, sometimes an additional environmental cue other than fire
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is required for germination. For example, some of these species require a
cold stratification period of several months to overcome innate dormancy of
the embryo. In the genus Ceanothus, high elevation species require this cold
treatment, but low elevation species do not (Quick 1935). Some montane
chaparral species of Arctostaphylos (Ericaceae) require a cold stratification
period (Mirov 1936, Carlson and Sharp 1975), in addition to charred wood
(Keeley 1991), to overcome dormancy. Populations of Salvia mellifera (La-
miaceae) from the coast, mountains, and desert, however, have no stra-
tification requirement (Keeley 1986).

Shrub species with refractory seeds have similar demographic patterns,
regardless of whether germination is stimulated by heat or charred wood. All
such species establish seedlings in the first growing season after fire from a
persistent soil-stored seed bank. Successful seedling establishment after the
first postfire year is rare (Horton and Kraebel 1955, Keeley and Zedler 1978,
Mills and Kummerow 1989). Many of these species are incapable of re-
sprouting and thus populations are even aged (Keeley 1992a).

Many annual species with refractory seeds are highly specialized “fire
followers,” and seedling recruitment is mostly if not entirely restricted to the
first year after fire (Sweeney 1956, S. Keeley et al. 1981).

Disturbance-dependent recruiters typically disperse their seeds in spring
and summer, but often decades pass before germination occurs. Most of
these species do not have propagules specialized for dispersal and illustrate
the “temporal disperser syndrome” described by Angevine and Chabot
(1979). In such species, dispersal is localized and persistent seed banks lie
dormant until a disturbance occurs.

Once the chaparral canopy is regrown, seedling establishment by species
with refractory seeds (Table 10.1) is seldom successful, except occasionally in
gaps (Keeley 1992a, 1992b). Species that produce refractory seeds have poly-
morphic seed pools of both refractory and nonrefractory seeds. The ratio of
refractory to nonrefractory seeds varies with the species. Even within a spe-
cies there may be ecotypic differences in the ratio, and following dispersal,
induced or enforced dormancy may cause changes in this ratio with time.

The role of polymorphic seed pools may be to take advantage of gaps in
the chaparral canopy as well as store seéds until fire. Another strategy is
illustrated by the germination behavior of Artemisia californica (Asteraceae)
(Table 10.2). Seeds on the soil surface in gaps would germinate readily fol-
lowing the first autumn rains. Buried seeds, however, remain dormant and
persist in the seed bank until charred wood overcomes the dark-enforced
dormancy.

Great seed longevity is necessary for refractory seeds that make up the
persistent seed banks. Ceanothus seeds are known to survive twenty years
in laboratory storage (Quick 1935). Longevity is inferred for many other
chaparral taxa that may die out on a site, but many years later reestablish
seedlings following fire (Keeley 1991).

Enforced seed dormancy has been proposed as a major factor in Califor-
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nia chaparral. McPherson and Muller (1969) concluded that nearly all seeds
in the soil beneath Adenostoma fasciculatum (Rosaceae) are prevented from
germinating by a toxin leached from the overstory shrubs; i.e., these allelo-
pathic compounds enforced dormancy on the seeds. Other authors however,
have not been able to demonstrate such an effect on the seeds of the most
common chaparral shrubs or herbs (Christensen and Muller 1975a, 1975b,
Kaminsky 1981, Keeley et al. 1985, Keeley and Keeley 1989). For refractory
seeds, allelopathy is not a relevant factor because the seeds remain dormant
in the absence of such chemicals. For species with polymorphic seed pools,
allelopathic chemicals may suppress germination of the nonrefractory por-
tion of the seed bank. Theoretically such a mechanism would be effective in
preventing germination of seeds in such unfavorable sites as under the shrub
canopy (Keeley 1991).

A few coniferous taxa, with widely disjunct populations in chaparral,
have serotinous cones. These taxa, in genera such as Cupressus (Cupressa-
ceae) and Pinus (Pinaceae) form even-aged stands with recruitment restricted
to the first postfire year (Vogl et al. 1977, Zedler 1977). In these species seeds
are not refractory; instead a persistent seed bank accumulates in the canopy
because of dormancy imposed by retention within the fruit.

Disturbance-Dependent Recruitment: Later Postfire

All herbaceous perennials in chaparral are abundant on recently burned sites
because they resprout from deeply buried rhizomes, corms, or bulbs, but
seedlings are not produced in the first postfire year (Keeley and Keeley 1984,
unpub. data). All these species flower in the first postfire season and produce
nonrefractory seeds (Keeley 1991). Therefore, it is likely that seedling estab-
lishment occurs in the second or later postfire years. As the chaparral canopy
closes, most of the geophytes are dormant and rarely flower and the few
leaves that are produced are consumed by rodents (Stone 1951, Sweeney
1956, Christensen and Muller 1975a). Other herbaceous perennials may per-
sist and flower in gaps in the canopy, and these also have nonrefractory
seeds.

Certain resprouting subshrubs, typical of the coastal sage vegetation, do
not maintain persistent seed banks and, because they are subligneous, persis-
tence on a site is a function of fire intensity. Examples include Encelia
californica (Asteraceae) Eriogonum spp. (Polygonaceae), and Haplopappus
spp. (Asteraceae). On coastal sites, where fires are commonly of moderate
intensity, these subshrubs resprout and flower profusely in the first year.
Because the seeds are nonrefractory, seedling establishment is abundant in
the second year (Keeley and Keeley 1984). These same species often do not
resprout on the more arid interior sites, possibly because of greater fire inten-
sity, and thus fires may result in localized extinction (Westman and O’Leary
1986). '

Many nonnative and a few native annual species disperse into and colo-
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nize burned sites in years subsequent to fire. These species have nonrefrac-
tory seeds (Keeley and Keeley 1987), although other factors such as light
quality and soil-nutrient status may affect germination.

In summary, refractory seeds, which require a fire-related stimulus, are
not typical of species that recruit seedlings in the second or subsequent post-
fire years.

Mediterranean Basin

Wildfires are a natural feature of the garrigue, maquis, and phrygana vegeta-
tion in Europe (Naveh 1974). As in the California chaparral, many taxa are
obligate resprouters after fire and seedling establishment occurs if not dis-
turbed. Other taxa depend upon fires for establishing seedlings from a soil-
stored seed bank.

Disturbance-Free Recruitment

Postfire obligate resprouting shrubs and lianas include all Quercus spp.
(Fagaceae), Pistacia spp. (Anacardiaceae), Rhamnus spp. (Rhamnaceae),
Phillyrea latifolia (Oleaceae), Sorbus spp. (Rosaceae), Olea europaea (Olea-
ceae), Osyris alba (Santalaceae), Crataegus aronia (Rosaceae), Erica arborea
(Ericaceae), Myrtus communis (Myrtaceae), Nerium oleander (Apocynaceae),
Juniperus phoenicea, J. oxycedrus (Cupressaceae), Smilax spp. (Liliaceae),
and Rubia spp. (Rubiaceae) (Le Houerou 1974, Naveh 1975, Gratani and
Amadori 1991). None of these species is known to produce refractory seeds
and many have been shown to germinate readily under appropriate moisture
and temperatures (Mitrakos 1981, Mesleard and Lepart 1991, Izhaki and
Safriel 1990, J. Herrera 1991, Keeley unpub. data). Lack of refractory seeds
would result in a transient seed bank (Harif 1978), which would account for
the lack of seedling establishment after fire.

Results of detailed studies of Arbutus unedo are probably typical of others
with this syndrome. Fleshy fruits are dispersed by birds in winter but no
evidence shows that passage through the gut enhances germination beyond
removal of the pericarp (Debussche 1985, Keeley 1987). Seeds are nonre-
fractory and germinate readily on moist substrate at temperatures below
15°C (Ricardo and Veloso 1987, Mazzoleni 1989, Mesleard and Lepart
1991). Seeds retained within fruits may survive in the soil until the following
rainy season, although other seeds that fail to germinate may not survive
long in the soil. Seedlings do not tolerate summer drought stress on exposed
sites and thus seedling establishment is restricted to dense vegetation
(Mesleard and Lepart 1991).

The life history characteristics of these postfire obligate resprouters is
remarkably similar to characteristics of obligate resprouters in the California
chaparral, many of which are in the same genera—e.g., Quercus, Rhamnus,
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and Prunus. As with the California taxa, all these Mediterranean species
produce fruits that are animal dispersed. Dispersal is in the autumn and
winter, taking advantage of migrating bird populations (C. Herrera 1984a,
1984b, 1987, Izhaki and Safriel 1985, Debussche et al. 1980, Izhaki et al.
1991, J. Herrera 1991). Winter dispersal is a further advantage because seeds
are nonrefrectory and germination occurs soon after they encounter moist
substrates. Successful seedling recruitment appears to require disturbance-
free conditions under the vegetation canopy.

This “disturbance-free recruitment” syndrome is apparently quite old and
seems to predate the present mediterranean climate. C. Herrera (1992a,
1992b) points out that many species with this character syndrome represent
old phylogenetic lines. This observation is supported by the remarkable simi-
larity in seed germination, dispersal, and seedling recruitment patterns ob-
served in Californian and Mediterranean species of Quercus, Rhamnus, and
Prunus. Herrera (1992b) suggests there is little reason to accept an ‘“adapta-
tionist” interpretation of this syndrome when it is clearly a result of histori-
cal effects.

Much about the seedling recruitment patterns of these taxa suggests that
they are best adapted to moist microsites and consequently are not able to
fully exploit much of the mediterranean-climate landscape. Under a former
summer-rain climate, these taxa would undoubtedly have flourished. Today
they persist because (1) they are long lived, (2) they resist destruction by
wildfires by resprouting, and (3) older undisturbed vegetation generates suffi-
cient moist microsites to allow occasional seedling recruitment. I suggest that
the coevolved life history characteristics of seed germination, seed dispersal,
and seedling physiology are just as adaptive in such microsites as they were
under former climates, albeit on a far more limited scale.

Disturbance-Dependent Recruitment: Immediate Postfire

Although subshrubs such as Cistus spp. (Cistaceae) are capable of resprout-
ing under moderately intense burning, they also establish seedlings in the
first year after fire from soil-stored seeds (Martin and Juhren 1954, Naveh
1975, Troumbis and Trabaud 1986, Alonso et al. 1992). It is interesting that
these Cistus spp. germinate in the autumn following fire, and poor survival is
predicted for spring-germinating seeds (Troumbis and Trabaud 1986). This
pattern is apparently true for other mediterranean species and contrasts
markedly to the chaparral, where postfire seeding species establish in spring
following fire.

Seeds of Cistaceae are known to be “hard-seeded”—i.e., dormancy is
imposed by an impervious seed coat that prevents imbibition, and heat shock
from fire is sufficient to overcome this seed coat imposed dormancy.
Traubaud and Oustric (1989) report that germination of the refractory seeds
of Cistus albidus, C. monspeliensis, C. salvifolius was increased from a few
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percent for controls to >70% with certain heat treatments. They mention
too that species differed in the optimal temperature treatment.

Thanos and Georghiou (1988) also report heat-shock—stimulated germi-
nation in the eastern Mediterranean Cistus incanus and C. salvifolius. They
demonstrated that light and incubation temperature were unimportant
factors in germination. These authors noted that the seed pools of these
Cistus spp. were polymorphic. Some germinate readily and are capable of
establishing on open sites. Others have water-impermeable seed coats and
are stimulated to germinate by intense heat shock. They suggest that seed
coat hardness was variable in the seed pool and would allow for germination
under many conditions. Similar seed-pool polymorphism has also been seen
in C. ladanifer from the western Mediterranean, where it was demonstrated
that nearly 60% of the seeds were nonrefractory (Valbuena et al. 1992).
Germination of this species, as well as C. laurifolius, was significantly in-
creased, however, with heat shock.

Aronne and Mazzoleni (1989) used microscopic examination of seeds to
study the effect of heat shock on seed coat integuments of Cistus incanus and
C. monspeliensis. They demonstrated exposure to 120°C for 90 seconds was
sufficient to form cracks on the inner layer of the seed coat, and this was
necessary for imbibition and subsequent germination.

Other shrubs that recruit seedlings immediately after fire from persistent
soil-stored seed banks include taxa in the Fabaceae (Ulex spp., Cytisus spp.,
Calicotome spp., and Genista spp.), Lamiaceae (Rosmarinus officinalis,
Satureja thymbra, Teucrium spp., Thymus spp., and Salvia spp.), Rosaceae
(Sarcopoterium spinosum), and Anacardiaceae (Rhus coriaria) (Naveh 1974,
1975, Papanastasis and Romanas 1977, Belhassen et al. 1987, Trabaud 1987,
Izhaki et al. 1992).

Based on the patterns observed with California taxa, I predict that the
“hard-seeded” Fabaceae species will have heat shock-stimulated germina-
tion, and some evidence supports this belief; germination is stimulated by
high temperatures in Calicotome villosa (Keeley, unpublished data), Cytisus
scoparius (Bossard 1993), and Genista florida (Tarrega et al. 1992). The latter
two authors also show temperatures above 150°C are lethal. Other species
that exhibit heat shock-stimulated germination include Phlomis lanata,
Lavandula stoechas, and Sarcopoterium spinosum (Table 10.3).

Of more than fifty species from the eastern Mediterranean, only one,
Stachys tymihaus, has tested positive for enhanced germination in the
presence of charred wood (Table 10.3).

Sarcopoterium spinosum is a species that germinates prolifically after fire,
and yet results from Table 10.3 and other studies (Papanastasis and Ro-
manas 1977) indicate that a very high proportion of seeds germinate without
heat shock. Other factors may be involved in controlling germination, such
as an increase in the ratio of red:far-red radiation, because of canopy re-
moval by fire, could cue germination (Margaris 1981). That this effect might



Table 10.3. Seed germination response of selected Greek maquis species (from Keeley unpub. data): Seeds were incubated in the light on
filter paper in petri dishes at 5°C for 2 months, followed by 20° C/12° C (12 hrs/12 hrs) for 1 month. Values represent the mean of 3 dishes

of 50 seeds each; numbers within the same row with the same superscript are not significantly different at P > 0.05

Percentage germination

Growth Heated Heated Charred

Species Family form Control 80°C/30 min 115°C/5 min wood
Nonrefractory seeds '

Allium sp. (Amaryllidaceae) Geo- 90* 19 3 72°

Asphodelus aestivus (Liliaceae) Geo- 57" 55* 0 32
Heat-shock—stimulated seeds

Cistus salvifolius (Cistaceae) Phano- 3 39 80 o

Phlomis lanata (Lamiaceae) Chamae- g 72° 62° 8

Lavandula stoechas (Lamiaceae) Chamae- 19 59 17 21*

Sarcopoterium spinosum (Lamiaceae) Chamae- 29* 73 50 39*
Charred-wood-stimulated seeds

Stachys tvmihaus (Lamiaceae) Chamae- o o 0 13

0s¢

Kopay 'q°f
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be a factor controlling the nonrefractory portion in the seed pool of S.
spinosum is supported by the results of Roy and Arianoutsou-Faraggtitaki
(1985), who showed that germination was stimulated by an increase in the
red:far-red radiation ratio from 0.3 to 1.1. Similar patterns have been ob-
served for Cistus species (Roy and Sonie 1992).

The factors controlling the postfire germination of Rhus coriaria are un-
known, but if comparative analysis is of any value I predict that it may be
heat, as it is with its Californian congener, R. ovata (Stone and Juhren 1951).
An important observation is that these two taxa have fleshy fruits and are
exceptions (Izhaki et al. 1992) to the generalization that disturbance-
dependent recruiters are not animal-dispersed. Bird dispersal may also be
one of the factors accounting for distribution of seedlings after fires. Ne’eman
et al. (1992) noted a concentration of seedlings within the shadow of the
former canopy of burned pines, but other factors have not been ruled out.

As in California, the Mediterranean has relatively few serotinous species
with canopy-stored seed banks. The few that occur are gymnosperms, such
as Pinus brutia (Thanos et al. 1989). Seed dormancy is imposed by retention
in the cone and, once released, the seeds are nondormant and germinate
optimally at 20°C in darkness (Thanos and Skordilis 1987).

It is noteworthy that many of the postfire seeder species are drought
deciduous malacophyllous subshrubs, which are relatively short lived.
Conversely, obligate resprouters that establish seedlings under disturbance-
free conditions are long lived, broad-leaf, evergreen sclerophyllous shrubs.
The subligneous nature of the disturbance-dependent recruiters probably
leads to greater susceptibility to destruction by fire and hence strong selective
advantage in evolving a persistent seed bank.

Disturbance-Dependent Recruitment: Later Postfire

Many geophytes are endemic to the Mediterranean Basin, although none
have been reported to recruit seedlings after fire from a persistent seed bank.
Although relatively little is published on germination, the patterns observed
for Asphodelus aestivus and a species of Allium (Table 10.3) indicate non-
refractory seeds in these geophytes from the eastern Mediterranean. This
finding, coupled with the knowledge that geophytes resprout and flower
after fire, make it likely that seedling recruitment occurs in later postfire
years. _
Two phenological types have been described for Mediterranean geo-
phytes: those which flower in autumn and those flowering in spring. Al-
though both have nonrefractory seeds, the former seeds germinate immedi-
ately after dispersal whereas for the latter, germination is delayed a year by
lack of moisture for germination (Dafni et al. 1981).

Many annual species are mainly opportunistic colonizers that disperse
into burned areas (Papio 1988). Examples of such species shown to have non-
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refractory seeds include Daucus carota (Apiaceae), Crepis spp. (Asteraceae),
Linaria sp. (Scrophulariaceae), Anagallis arvensis (Primulaceae), Filago sp.
(Asteraceae), and Hedypnois cretica (Asteraceae) (Keeley unpub. data).

Central Chile

Wildfires are not presently widespread in Chilean matorral vegetation. Be-
cause convective thunderstorms and associated lightning are rare, a frequent
natural ignition source is lacking (Aschmann and Bahre 1977, Rundel 1981),
although vulcanism has been suggested as a natural source of wildfire igni-
tions (Fuentes and Espinosa 1986). Overall it does not appear that fire has
had a major part in shaping the vegetation characteristics of Chile.

Disturbance-Free Recruitment

All Chilean woody species resprout from root crowns or lignotubers
(Mooney et al. 1977, Montenegro et al. 1983) and thus are resilient to fires
ignited by local residents. One study of a burned matorral site revealed very
little cover by native annual species and no seedling regeneration by the
shrub flora, with the one exception of Trevoa trinervis (Rhamnaceae)
(S. Keeley and Johnson 1977). Herbaceous perennials in Liliaceae, Amaryl-
lidaceae, Alstroemeriaceae, and Iridaceae are common components of un-
burned matorral (Rundel 1981) and are present as resprouts after fire.

Most of the common matorral shrubs such as Lithrea caustica (Ana-
cardiaceae), Quillaja saponaria (Rosaceae), Colliguaja odorifera (Euphorbia-
ceae), Kageneckia oblonga (Rosaceae), and Muehlenbeckia hastulata (Poly-
gonaceae) establish seedlings in undisturbed vegetation (Fuentes et al. 1984,
1986, Del Pozo et al. 1989). Seedling recruitment tends to occur under the
canopy of shrubs, although survival is precarious and those not preyed upon
typically succumb to summer drought (Jaksic and Fuentes 1980).

The demographic pattern of seedling establishment without fire suggests
that these species have transient soil-stored seed banks of nonrefractory
seeds. Colliguaja spp. and Quillaja saponaria are known to germinate readily
without treatment, but Lithrea caustica seeds are reportedly refractory and
may require scarification in concentrated sulfuric acid (Montenegro et al.
1983, Munoz and Fuentes 1989, but cf. Jimenez and Armesto 1992). In
nature, Lithrea seeds seem to germinate readily after passage through the
gut of bird dispersers (Fuentes et al. 1984). As in California, many of these
species are fleshy fruited and most tend to be more important on mesic sites
(Hoffmann et al. 1989, Jimenez and Armesto 1992).

Enforced dormancy imposed by allelopathic chemicals is not present in
evergreen matorral (Montenegro et al. 1978) but may be a factor in certain
drought-deciduous vegetation (Fuentes et al. 1987).
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Disturbance-Dependent Recruitment

Other than the report mentioned above of postfire seedling recruitment by
Trevoa trinervia, this mode seems to be poorly represented in Chile.
Baccharis spp. and other Asteraceae taxa are capable of dispersing in and
establishing after fires and other disturbances, but nothing is known of their
germination biology.

South Africa

Wildfires are at least as frequent in South African fynbos as in the Califor-
nian chaparral, and the vegetation responses show many similarities (Keeley
1992¢, Versfeld et al. 1992).

Disturbance-Free Recruitment

Species that are present immediately after fire from resprouts, but have no
seedling recruitment, are found in all life forms: shrubs, suffrutescents, and
herbaceous perennials (van Wilgen and Forsyth 1992). Such shrubs include
members of the Anacardiaceae (Rhus spp. and Heeria) and Olea europaea
(Oleaceae) and a number of evergreen tree species restricted to moist ravines,
e.g., Cunonia capensis (Cunoniaceae), Kiggelaria africana (Flacourtiaceae).

The few data available on seed germination indicate nonrefractory seeds,
and some of these species are known to establish seedlings in unburned
fynbos (Manders et al. 1992). As with the California obligate resprouters,
these species have fleshy fruits dispersed in the autumn and winter by birds,
strongly affecting distribution of seedlings. This strategy may explain why, as
in the California chaparral, these obligate resprouting species tend to be
distributed patchily within a matrix of seeding species (Kruger 1979).

Other evergreen shrubs, which persist on burned sites strictly as obligate
resprouters, include species of Protea, Leucospermum and Leucadendron in
the Proteaceae, Widdringtonia spp. in the Cupressaceae, species in the
Rhamnaceae, Asteraceae, Anacardiaceae, Fabaceae, and Restionaceae
(Wicht 1948, Scriba 1976, Bond 1980, 1985, Hoffmann et al. 1987, Higgins et
al. 1987). Some, such as Protea grandiflora, Widdringtonia cedarbergensis,
and Gymnosporia laurina, survive fires in protected locations and because of
their thick bark and self-pruning (Wicht 1948, Manders 1987). Many of
these taxa have nonrefractory seeds, but little is known about patterns of
seedling recruitment. One exception is the observation by Taylor (1978b) that
in an area protected from fire for thirty-five years, Protea neriifolia seedlings
established in gaps created by the death of shrubs, along with some re-
cruitment of woody shrubs and small tree species derived from the forest
flora. Other Protea species routinely establish seedlings without fire. These
taxa occur on more arid sites and probably experience a longer fire-return
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interval than most fynbos sites. Widdringtonia cedarbergensis is not seroti-
nous, and the nonrefractory seeds germinate within a few weeks of the first
autumn rains (Manders 1987). Germination, however, is inhibited by litter
from the parent plant and thus little is known about the exact patterns of
seedling recruitment for this species.

Disturbance-Dependent Recruitment: Immediate Postfire

Many shrubs establish seedlings after fire from persistent seed banks in the
soil or canopy (Le Maitre and Midgley 1992). Seed-germination behaviors
are quite different, depending upon the mode of seed storage.

Soil-Stored Seeds

The proteaceous genus Leucadendron includes some species that have soil-
stored seed, along with the serotinous taxa discussed below (Bond 1985).
Other taxa with soil-stored seed include Leucospermum spp., Mimetes
stokoei and Orothamnus zeyheri (Proteaceae), Cliffortia spp. (Rosaceae),
Phylica spp. (Rhamnaceae), Euryops abrotanifolius, Metalasia muricata and
Elytropappus rhinocerotis (Asteraceae), Selago corymbosa (Selaginaceae),
Passerina spp. (Thymelaceae), Aspalathus spp- (Febaceae), and Anthosper-
mum aethiopicum (Rubiaceae) (Adamson 1935, Levyns 1935, Martin 1966,
Kruger 1979, Bond 1985, Higgens et al. 1987, Kilian and Cowling 1992).

Refractory seeds of Leucadendron may be stimulated to germinate by
temperatures of 100°C (Williams 1972). Heat-stimulated germination has
also been shown for Elytropappus rhinocerotis (Levyns 1927) and Agathosma
spp (Rutaceae) (Blommaert 1972). Erica hebecalyx (Ericaceae) germination
is greatly stimulated by a 3-min treatment at 96.5°C, and this treatment is
capable of overcoming the almost total inhibition imposed by darkness (van
de Venter and Esterhuizen 1988). Podalyria calyptrata (Fabaceae) germina-
tion is increased from 9% (control) to 72% when seeds are exposed for just
1 min at 60°C (Jeffery et al. 1988). Other species with heat shock-stimulated
germination include Phylica ericoides (Rhamnaceae) and Hermania spp.
(Sterculiaceae) (Table 10.4).

It is often assumed that the mechanism for heat-stimulated germination
lies in breaking the seed coat (or pericarp), which in most hard seeds imposes
dormancy by inhibiting entry of water or movement of gases. This descrip-
tion is very likely to apply to the refractory seeds of Protea, Leucodendron,
and Leucospermum, which have been shown to lack leachable chemical in-
hibitors (van Staden and Brown 1977). In some cases when the hard outer
pericarp-inhibits gaseous exchange, scarification greatly improves germina-
tion, and incubation of unscarified seeds under pure oxygen may overcome
the pericarp-imposed dormancy (van Staden and Brown 1977, Deall and
Brown 1981). Brits (1986b) and Brits and van Niekerk (1986) show that
refractory seeds of Leucadendron species and Leucospermum species can be
stimulated to germinate by soaking them 24 hr in 1% H,0,, and they sug-



Table 10.4. Seed germination response of selected South African fynbos species (from Keeley and Bond, unpub. data): Seeds were incubated
in the light on filter paper in petri dishes at 5°C for 2 months, followed by 20°C/12°C (12 hrs/12 hrs) for 1 month. Values represent the mean
of 3 dishes of 50 seeds each; numbers within the same row with the same superscript are not significantly different at P > 0.05

Percentage germination

Growth Heated Heated Charred

Species Family form Control 80°C/30 min 115°C/5 min wood
Nonrefractory seeds .

Wachendorfia paniculata . (Hyacinthaceae) Geo- 80* 72* 0 80*

Moraea sp. (Iridaceae) Geo- 74* 77* 0 60*
Heat-shock-stimulated seeds '

Phylica ericoides (Rhamnaceae) Phano- 9* 44 84 1

Hermannia alnifolia (Sterculiaceae) Chamae- o* 17 67 1*
Charred-wood-stimulated seeds

Pharnaceum elongatum (Aizoaceae) Chamae- o* 4* 1* 47

Nemesia cf. lucida (Scrophulariaceae) Thero- 7 9 2t 84
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gest that dormancy is imposed by barriers to oxygen uptake. In other species
the pericarp physically restricts growth of the embryo and elevated oxygen
does not improve germination (Brown and Dix 1985).

Other temperature regimes that stimulate germination include fluctuating
soil temperatures, as on recently burned sites (Brits 1986a, 1987). Most seeds
sown in summer remain dormant until fall (Brits and van Niekerk 1986).
Whether they do so because of dormancy induced by high temperatures or
a germination requirement for cool temperatures is unknown. Tests with
Elytropappus rhinocerotis indicate that an afterripening may be required fol-
lowing dispersal of seeds (Levyns 1927).

The seeds of some fynbos species are stimulated to germinate by the pres-
ence of charred wood (Table 10.4). Along with species reported in Table
10.4, at least five other fynbos taxa have charred-wood-stimulated germina-
tion (Keeley and Bond unpub. data). Other studies, however, have not found
a stimulatory effect for charred wood. Pierce (1990) reported no such effect
on germination of various coastal fynbos species, but these species had non-
refractory seeds that germinated readily under alternating temperatures. Van
de Venter and Esterhuizen (1988) demonstrated that gases such as ethylene
and ammonia, which are products of combustion, can stimulate germination
of Erica hebecalyx. This species, however, seems also to be stimulated by
heat shock, though it showed no response to charred wood (Keeley and
Bond unpub.). Germination of Audouinia capitata (Bruniaceae) is stimulated
by exposure to smoke (de Lange and Boucher 1990) although it is unknown
whether this reaction is caused by gases produced by the smoke or particu-
late matter suspended in the smoke (Le Maitre and Midgley 1992).

Soil-stored seeds are often dispersed by ants, whereas serotinous species
of both Protea and Leucodendron are more often wind dispersed (Bond
1985). For both genera, dispersal is relatively localized (Kruger 1983,
Slingsby and Bond 1985, Manders 1986). Unlike canopy-stored seeds, which
are generally short-lived once they are dispersed, soil-stored seeds are
thought to have great longevity.

In many species the controls on seed germination are not clearly worked
out. For example, in coastal dune fynbos, species such as Muraltia squarrosa
(Polygalaceae) and Passerina vulgaris have few or no seedlings on unburned
sites but abundant recruitment immediately after fire (Pierce and Cowling
1991). Seeds, however, appear to germinate readily without fire-related stim-
ulus. Passerina paleaceae is another species with strict postfire seedling re-
cruitment. Seeds are highly refractory, but various heat treatments and
charred wood have not been successful in stimulating germination (Kilian
and Cowling 1992, Keeley and Bond unpub. data).

Canopy-Stored Seeds

Serotinous fruits are produced by species of Protea, Leucadendron, Aulax
(Proteaceae), Widdringtonia (Cupressaceae), Nebelia (Bruniaceae), Phaeno-
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coma, Helipterum (Asteraceae), Brunia, Berzelia (Bruniaceae), Cliffortia
(Rosaceae), and Erica sessiliflora (Ericaceae) (Wicht 1948, Gill 1975, Frost
1984, Bond 1985, E. Oliver pers. comm.). Seeds are retained for variable
lengths of time, and all these species disperse some seeds before as well as
after fire. Thus, these species have both a transient and persistent seed bank.
In the absence of fire, fruits often open after several years and release seed
that is nonrefractory and germinates in the first rainy season after being shed
(Bond 1984, Le Maitre 1990).

Although seeds may be dispersed both before and after fire, in mature
fynbos, seedling establishment is rare (Bond 1980). Strictly speaking, Protea
arborea does not produce serotinous cones and most germination occurs
before fire. But only the seeds retained in the fruits until fire result in success-
ful seedlings (Kruger 1977). In older stands, predation of seedlings appears
to be a major factor limiting establishment (Bond 1983, Breytenbach 1984).
Protea laurifolia (Manders 1986) has seedling regeneration mostly restricted
to the first year after fire, but some seedlings may establish in the second or
third year (Bond 1984, Bond et al. 1984). Seeds released after spring burns
seem less successful because of predation than seeds released after fall burns
(van Wilgen and Viviers 1985).

Seeds in serotinous cones are nonrefractory, but are maintained in a qui-
escent state by enclosure in the fruit. If seeds are dispersed in summer, most
do not germinate until fall (Bond 1984). It is unclear if this delay is caused by
dormancy induced by high temperature or a germination requirement for
low temperature. It appears that some Leucadendron species require cold
stratification (Deall and Brown 1981). This characteristic prevents germina-
tion during the summer drought and it is noteworthy that Protea rouppelliae
from the summer-rain eastern Cape region does germinate in summer (Bond
1984). Although seeds do not appear to survive in the soil for more than one
season, Leucadendron xanthoconus, a weakly serotinous nonsprouter, is per-
haps an exception to this generalization (Davis 1992).

Disturbance-Dependent Recruitment: Later Postfire

Apparently geophytes in the South African flora share with their chaparral
counterparts the characteristic of being obligate- resprouters after fire.
Included are taxa of Geraniaceae, Oxalidaceae, Poaceae, Orchidaceae,
Liliaceae, Iridaceae, Amaryllidaceae and related families (Adamson 1935,
Hoffmann et al. 1987). These species flower profusely in the first year after
fire, and some in fact flower “only” after fire and have gained the name “fire-
lilies.” One of these, Cyrtanthus angustifolius (Amaryllidaceae) produces
flower heads almost immediately after burning, prior to vegetative growth
(Bond 1980, Le Maitre and Brown 1992). Other geophytes observed to have
flowering mainly restricted to the first postfire season include Brunsvigia
orientalis (Amaryllidaceae) (Taylor 1978a), Androsymbirium leucanthum (Li-
liaceae) (Wicht 1948), Haemanthus canaliculatus (Amaryllidaceae) (Levyns
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1966), Bobartia spathacea (Iridaceae) (Adamson 1935) and Watsonia pyram-
idata (Iridaceae) (Kruger 1977). It has been suggested that the stimulus for
postfire flowering comes from the changed rhythm in diurnal fluctuations
in soil temperature (Martin 1966) or higher soil temperatures (Frost 1984).
One experiment with the strict fire-lily Cyrtanthus ventricosus, however, in-
duced flowering by treating planted bulbs with smoke from burning wood
(Keeley 1993). : : v

Although geophytes and other herbaceous perennials apparently do not
store persistent seed banks until fire, the precise timing of seedling establish-
ment is not known. Kruger (1977) did report that for Watsonia pyramidata,
seedling establishment occurred in the second growing season after fire. It is
quite likely that this delay is typical of other geophytes because flowering is
abundant in the first year and most species apparently have nonrefractory
seeds; Wachendorfia paniculata (Haemodoraceae) and Geissorhiza Moraea
sp. (Iridaceae) germinate readily and this readiness has been observed for
more than a dozen other geophytes from the fynbos (Keeley and Bond unpub.
data). Some species, however, are inhibited in the dark, as illustrated by
the germination response of Wachendorfia paniculata (Fig. 10.2). Others are
apparently inhibited by high temperatures. Watsonia fourcadei germinates
readily at 10°C (in light and dark), but is mostly inhibited at temperatures
above 25°C (Esterhuizen et al. 1986).

Other species may be absent on recent burns but disperse on to sites in
particular annuals subligneous species of Erica (Ericaceae) (Adamson 1935).
This species may remain in gaps in broad-leaved Proteaceae dominated
fynbos (Wicht 1948, Hoffmann et al. 1987) or form a more heathlike fynbos,

100
Wachendorfia paniculata
20t a a
3 sl <
g
Z 70¢1
z 604
[¥Y)
© 504
O 40
=
8 30+
x 20+
% 104
0_
CON 80C 115C CWw CON 80C 115C CW
30m S5m 30m 5m
LIGHT - DARK

Figure 10.2. Germination of a South African fynbos geophyte in light and darkness
(methods as described in Table 10.4) (from Keeley and Bond unpub. data).’
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as on coastal dunes (Pierce 1990). For some, seed banks are relatively tran-
sient because seeds germinate readily under a diurnal temperature range of
10°C to 20°C (Pierce 1990). Seedling recruitment in mature fynbos seems to
be rare, although seedlings of Agathosma spp. (Rutaceae) have been reported
from mature fynbos (Pierce and Cowling 1991).

Australia

After wildfires in heath, mallee, and other sclerophyllous shrublands in Aus-
tralia, some species reestablish by seed only, some by resprouts and seed, and
rarely, strictly by resprouts.

Disturbance-Free Recruitment

It is not apparent from the literature that clear examples of this mode appear
in the mediterranean ecosystems in Australia. Most Australian woody
plants, whether they resprout or not, seem to establish seedlings after fire.

Disturbance-Dependent Recruitment: Immediate Postfire

Shrubs, suffrutescents, and annual taxa are seeders, many of which establish
seedlings only in the first postfire year. Many of the woody taxa both
resprout and establish seedlings. As in South Africa, seed banks contributing
to this flush of seedlings are either soil-stored or canopy-stored.

Soil-Stored Seeds

Woody taxa with soil-stored seed include many members of the Fabaceae,
a family known for its hard-seeded character, such as Acacia, Bossiaea,
Dillwynia, Daviesia, Kennedia, and Pultenaea (Floyd 1966, Warcup 1980,
Pieterse and Cairns 1986, Bell et al. 1993). Leptospermum (Myrtaceae) in-
cludes species that are serotinous and others that are nonserotinous; the
latter species are hard-seeded and form a persistent seed bank. Circumstan-
tial evidence of seed longevity for soil-stored seed suggests fifty years or more
(Mott and Groves 1981). Although annuals are not a highly diverse group in
Australia, some species are present after fires from a persistent seed bank
(Specht 1981, Bell et al. 1984).

Germination of hard-seeded legumes, such as species of Acacia, Albizzia,
Chorizema, Gompholobium, Hardenbergia, Kennedia, Labichea, Mirbelia,
and Oxylobium is stimulated after brief heating treatments of 80°C and
100°C or boiling water (Shea et al. 1979; Jeffery et al. 1988: Bell et al. 1993).
Acacia suaveolens germination is nil without exposure to temperatures above
60°C and is stimulated by temperatures of up to 100°C for durations of
a hour (Auld 1986b). Brief exposure to temperatures of 120°C were also
stimulatory, but temperatures above 150°C were lethal. Apparently the heat
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breaks the seedcoat, allowing imbibition (Cavanagh 1980). There is some
evidence that Acacia aneura seeds have an afterripening period; with scarifi-
cation, germination is low immediately after being shed but increases over
several months (Preece 1971). Hodgkinson and Oxley (1990) show that the
optimal temperature for germination of this species is a function of numer-
ous factors, including depth of seed burial, fuel levels, and soil moisture.

Other families with taxa having persistent seed banks that show heat-
stimulated germination included Convolvulaceae, Epacridaceae, Euphorbia-
ceae, Geraniaceae, Haemodoraceae, Rhamnaceae, Rubiaceae, and Sapinda-
ceae (Warcup 1980) and a fuller description of these species has recently been
published by Bell et al. (1993).

Bell et al. (1987) have tested the stimulatory effect of charred wood on
germination of forty nonleguminous understory species of the jarrah (Euca-
Iyptus marginata) forest. Only one of the species, Burchardia umbellata
(Liliaceae) increased germination; 9% for controls and 35% with charred
wood (heating 2 min at 85°C had no stimulatory effect). This species nor-
mally does not establish seedlings in the first season after fire, but, like other
geophytes, it flowers from resprouts in the first postfire season. It is unclear
what role charred wood—stimulated germination has in the life history of this
herb. Tests of species in other vegetation are needed to evaluate the impor-
tance of charred wood—stimulated germination in Australia.

Enforced seed dormancy imposed by allelopathic compounds was sug-
gested as an important phenomenon in Californian populations of Eucalyp-
tus (del Moral and Muller 1969). Some have questioned whether allelopathy
is important in Australia (Mott and Groves 1981), although experimental
studies suggest it may be a factor in suppressing understory species in Euca-
Iyptus forests (May and Ash 1990) and other vegetation types (Hobbs and
Atkins 1991). Many species in the understory of Australian forests, though,
are hard-seeded and thus dormancy is imposed by the seed coat.

Although passive dispersal is common, many of the Australian Acacia
species have seeds with appendages that are attractive to either birds or ants,
and thus the seeds are relatively specialized for dispersal (Davidson and
Morton 1984, Auld 1986a). Dispersal, however, is fairly localized. Potential
advantages of such myrmechochorous seed dispersal include transport of
the seed to nutrient-rich sites and burial of the seed, which reduces loss of
seed to predation or to intense temperatures during fire. One test did not
support the nutrient-enrichment hypothesis (Rice and Westoby 1986). One
additional advantage may be to reduce predation by using the elaiosome as .
a form of bribe so that ants are selected to leave the seed unscathed (Keeley
1992c).

Canopy-Stored Seeds

Taxa with serotinous woody fruits that open after fire include Eucalyptus
(Myrtaceae), Casuarina (Casuarinaceae), Banksia (Proteaceae), Hakea (Pro-
teaceae), and Leptospermum (Myrtaceae) (Specht 1981).
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Most species of the shrubby genus Banksia produce woody “cones” that
retain seeds for several to many years after cones mature, forming a canopy
seed bank that persists until fire (Bradstock and Myerscough 1981, Bell et al.
1984, Cowling et al. 1987, Zammit and Westoby 1987a, 1988, Bradstock and
O’Connell 1988, Lamont and Barker 1988). Serotinous cones open after
exposure to temperatures of 145°C to 390°C (Gill 1976, Enright and Lamont
1989), and disperse seeds over several months (Cowling and Lamont 1985a).
Dispersal is relatively localized and subject to intense predation. Conse-
quently, fires in spring provide more time for predation than fires in fall, and
thus seasonal effects on seedling regeneration are reported (Cowling and
Lamont 1987). It is suggested that successful seedling recruitment may be
tied to particular weather patterns following fire (Lamont et al. 1991).

Seeds of Banksia, and of the closely related genus Hakea, are nonrefrac-
tory and germinate readily (Siddiqi et al. 1976, Sonia and Heslehurst 1978,
Abbott 1985a, Zammit and Westoby 1987b, Richardson et al. 1987, Lamont
and Barker 1988, Lamont et al. 1993), soon after autumn rains. Tempera-
- tures above 150°C are lethal and thus the thick woody follicles are important
in protecting seeds during fires. Germination is light-insensitive and, as a
rule, temperatures below 12°C and above 25°C suppress germination. Seeds
in cones 1 to 3 years of age show the highest germination, but substantial
germination is still possible from seeds as old as 9 years of age (Cowling and
Lamont 1985b). Seeds exposed on the soil surface for 5 months over spring
and summer germinated poorly when tested at 15°C. It is unclear whether
this failure was caused by an induced dormancy, loss of seed viability, or
change in the optimal temperature for germination caused by these storage
conditions.

In mature stands, very old cones, or cones on dead branches, open and
release their seeds. In most unburned stands, successful seedling establish-
ment is rare (Brown and Hopkins 1984, Abbott 1985b, Cowling and Lamont
1985b, Lamont and Barker 1988), although it has been reported (Specht
1981, Zammit and Westoby 1987a).

Several genera of Myrtaceae are known for congregation of serotinous

cones in clusters, and this has been demonstrated to be an important factor
in shielding seeds from excessive heating during fires (Judd and Ashton
1991). , _ S .
" Eucalyptus spp. have woody capsules that release seed following matura-
tion, but also retain seed within fire-resistant capsules so that seeds will
disperse after fire. As in other serotinous species, seeds of Eucalyptus spp.
are nonrefractory and germinate readily over a wide range of temperatures
(Prescott 1941, Ladiges 1974, Zohar et al. 1975). Some Eucalyptus species
require light and others require darkness for germination (Clifford 1953,
Grose 1963), and an afterripening period has been recorded for others. In
nature, germination occurs soon after the first autumn rains following re-
lease (Abbott 1984, Wellington and Noble 1985b). Consequently, these
weakly serotinous Eucalyptus species do not accumulate a persistent soil seed
bank (Vlahos and Bell 1986).
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In unburned Eucalyptus stands, some seedling recruitment occurs, but
successful seedling establishment is more likely in burned areas. Wellington
and Noble (1985a) reported 7000 E. incrassata seedlings/ha in a one-year-old
burn, but only 30 seedlings/ha in unburned mallee. Ants are important seed
predators in unburned stands, which may be an important factor limiting
recruitment (O’Dowd and Gill 1984, Andersen 1987).

Disturbance-Dependent Recruitment: Later Postfire

Geophytes apparently survive fire by resprouting and do not establish seed-
lings from a persistent seed bank (Purdie and Slatyer 1976, Purdie 1977,
Bell et al. 1984). These include taxa in the Orchidaceae (Caladenia and Pra-
sophyllum), Liliaceae (Blandfordia, Dasypogon, Lomandra, and Thysanotus),
and Droseraceae (Drosera) (Pate and Dixon 1981). These resprouts flower in
the first year after fire. From what is known about geophytes in other medi-
terranean type ecosystems, it is expected that Australian geophytes would
have nonrefractory seeds and establish seedlings in subsequent postfire years.
Some dependence upon fire is suggested by the observation that some geo-
phyte species may disappear from infrequently burned sites (Nieuwenhuis
1987).

Some shrubs lack abundant seedling establishment after fire, but re-
sprouts (or survivors) flower in the first and second year after fire. Seeds of
these species are nonrefractory and seedlings establish in the first rainy sea-
son after dispersal, not unlike the coastal sage scrub of California. Examples
include Xanthorrhoea spp. (Xanthorrhoeaceae), Telopea speciosissima (Pro-
teaceae), Lambertia formosa (Proteaceae) and Angophora hispida (Myrta-
ceae) (Gill and Ingwersen 1976, Pyke 1983, Auld pers. comm.).

Conclusions

A remarkable degree of convergence appears in seed-germination syndromes
in the five mediterranean-climate ecosystems. The main areas of convergence
are summarized here, and those statements I believe to be much in need of
further study are indicated (*).

1. Disturbance-free recruitment. All but the Australian region have shrub
species with transient seed banks, and persistence of such species after fire
depends entirely on their resprouting capacity. Most of these have fleshy
fruits that are dispersed by birds in the autumn and winter. Seeds ‘are
nonrefractory and germinate soon after dispersal. In California, success-
ful seedling recruitment seems to depend on long fire-free conditions. *In
other regions the conditions required for successful seedling establish-
ment by these taxa needs further study.

2. Disturbance-dependent recruitment: soil seed banks. All regions except
Chile have diverse flora of species that cue their seedling recruitment to
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the immediate postfire environment. Species that establish seedlings after
fire must have a persistent seed bank, either in the soil or on the canopy.
Soil-stored seeds are refractory. Heat-shock—stimulated germination is
found in species of all regions, except possibly Chile. Seeds of such species
are usually hard-seeded, meaning that the seed coat or pericarp imposes
dormancy by preventing imbibition or gas exchange.

Some taxa with persistent soil seed banks are not hard-seeded, and
many of these have charred wood—stimulated germination. This strategy
is important in California and South Africa.

3. Disturbance-dependent recruitment: canopy seed banks. In South Africa
and Australia, many species have persistent seed banks in the canopy (i.e.,
serotinous fruits) and seed germination is cued by timing of dispersal.
Heat stimulates the opening of fruits, and the seeds are usually nonrefrac-
tory. For some species, seeds may have innate or induced dormancy
mechanisms that prevent germination during summer. Serotinous species
are unknown in Chile and uncommon in California and Europe. Why
canopy-stored seed banks are more important in South Africa and Aus-
tralia than elsewhere requires some thought. Seeds of serotinous species
are typically much larger than those of soil-stored taxa, possibly because
they have the luxury of retaining seeds within the protection of woody
fruits.* Perhaps the low nutrient content of the South African and West-
ern Australian soils has selected for large seeds that can store critical
elements such as nitrogen and phosphorous.

4. Polymorphic seed pools. Postfire seeders, regardless of where the persistent

- seed bank is stored, have both a transient and a persistent seed bank.
For soil-stored seeds this condition arises because of polymorphic seed-
germination behavior. For canopy-stored seeds this arises because of in-
complete retention of seeds within fruits until fire. Both have the potential
for some seed germination without fire, although the most successful re-
cruitment occurs after fire.

5. Geophytes. Apparently, in all five regions, geophytes do not recruit seed-
lings in the immediate postfire environment, and their presence is due to
resprouts from bulbs, corms, or rhizomes. Seeds are nonrefractory and *
are likely to germinate soon after the first autumn or winter rains follow-
ing dispersal. For many species, flowering is restricted to, or more profuse
in, the first year after fire. *The second year after fire is probably an
important time for seedling establishment. One exception may be
Cyrtanthus angustifolius, a fynbos geophyte that flowers within a few days
after fires, and thus may recruit seedlings in the first postfire season.

The uniformity among regions in the response of geophytes to fire sug-
gests that intense selective pressure is acting on this life form. Geophytes are
unable to compete with the dominant shrub vegetation, and thus growing
conditions are optimal after fire. Corms and bulbs are a reliable mode of
establishing after fire; they are deeply buried and thus not subject to damage
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by fire or predation between fires. Flowering from stored carbohydrates pro-
duces an abundant seed pool in the first postfire year. *The subsequent post-
fire years are the optimal time for seedling recruitment and therefore this life
form has not evolved refractory seeds. A weakness of the geophyte strategy
is that bulbs and corms need to persist in a relative dormant state until fire.
If bulbs and corms were not long-lived then infrequent fires would select
against this life form. *The very high fire frequency in South Africa and
Australia may account for the abundance of geophytes in those regions,
relative to other ecosystems of mediterranean type. *Other factors may be
involved, for example, the low phosphorus and nitrogen content of soils in
these Southern Hemisphere regions may also select for life forms capable of
retaining these nutrients in underground corms or bulbs.

Acknowledgments

Support was provided by NSF grants SP1-7926576, TFI1-8100529, and RII-
8304946, and by a fellowship from the John Simon Guggenheim Founda-
tion. I thank David Bell, Byron Lamont, Cheryl Swift, and Costas Thanos
for very useful comments on an earlier version.

References

Abbott 1 (1984) Emergence and early survival of seedlings of six tree species in
mediterranean forest of Western Australia. For Ecol and Man 9:51-66

Abbott 1 (1985a) Reproductive ecology of Banksia grandis (Proteaceae). New Phytol
99:129-148

Abbott 1 (1985b) Recruitment and mortality in populations of Banksia grandis.
Austra J Bot 33:261-270

Adamson RS (1935) The plant communities of Table Mountain. III. A six years’
study of regeneration after burning. J Ecol 23:43-55

Alonso I, Luis E, Tarrega R (1992) First phases of regeneration of Cistus laurifolius
and Cistus ladanifer after burning and cutting in experimental plots. Int J Wildl
Fire 2:7-14

Andersen AN (1987) Effects of seed predation by ants on seedling densities at a
woodland site in SE Australia. Oikos 48:171-174

Angevine MW, Chabot BF (1979) Seed germination syndromes in higher plants. In
Solbrig OT, Jain S, Johnson GB, Raven PH (eds) Topics in Plant Population
Biology. Columbia U Press, New York, pp 188-206

Aronne G, Mazzoleni S (1989) The effects of heat exposure on seeds of Cistus incanus
L. and Cistus monspeliensis L. Gior Bot Ital 123:283-289

Aschmann H, Bahre C (1977) Man’s impact on the wild landscape. In Mooney HA
(ed) Convergent Evolution of Chile and California Mediterranean Climate Ecosys-
tems. Dowden, Hutchinson and Ross, Stroudsburg, PA, pp 73-84

Auld TD (1986a) Population dynamics of the shrub Acacia suaveolens (Sm.) Willd.:
dispersal and the dynamics of the soil seed-bank. Austr J Ecol 11:235-254

Auld TD (1986b) Population dynamics of the shrub Acacia suaveolens (Sm.) Willd.:
fire and the transition to seedlings. Aust J Ecol 11:373-385

Belhassen E, Pomente D, Trabaud L, Gouyon PH (1987) Récolonisation aprés
incendie chez Thymus vulgaris (L.): résistance des graines aux températures
élevées: Oecol/Oecol Plant 22 (new series vol 8):135-141 '



10. Seed-Germination Patterns in Fire-Prone Regions 265

Bell DT, Hopkins AJM, Pate JS (1984) Fire in the kwongan. In Pate JS, Beard JS
(eds) Kwongan: Plant Life of the Sandplain. U Western Australia Press, Nedlands,
W.A., pp 178-204

Bell DT, Plummer JA, Taylor SK (1993) Seed germination ecology in southwestern
Western Australia. Bot Rev 59:24--73

Bell DT, Vlahos S, Watson LE (1987) Stimulation of seed germination of understorey
species of the northern Jarrah forest of Western Australia. Aust J Bot 35:593-599

Blommaert KLJ (1972) Buchu seed germination. J S African Bot 38:237-239

Bond WJ (1980) Fire and senescent fynbos in Swartberg, southern Cape. S African
For J 114:68-71

Bond WIJ (1983) Fire survival of Cape Proteaeceae: influence of fire season and seed
predators. Vegetatio 54:65-74

Bond WJ (1984) Seed predators, fire and Cape Proteaceae: Limits to the population
approach to succession. Vegetatio 56:65-74

Bond WJ (1985) Canopy-stored seed reserves (serotiny) in Cape Proteaceae. S Afri-
can J Bot 51:181-186

Bond WJ, Vlok J, Viviers M (1984) Variation in seedling recruitment in fire-adapted
Cape Proteaceae after fire. J Ecol 72:209-221

Bossard CC (1993) Seed germination in the exotic shrub Cytisus scoparius (Scotch
broom) in California. Madroiio 40:47-61

Bradstock RA, Myerscough PJ (1981) Fire effects on seed release and the emergence
and establishment of seedlings in Banksia ericifloria L.f. Aust J Bot 29:521-531

Bradstock RA, O’Connell MA (1988) Demography of woody plants in relation to
fire: Banksia ericifolia L.f. and Petrophile pulchella (Schrad) R.Br. Aust J Ecol
13:505-518

Breytenbach GJ (1984) Single agedness in fynbos: a predation hypothesis. In Dell B
(ed), Medecos IV. Proc 4th Int Conf Medit Ecosys. Bot Dept, U Western Austra-
lia, Nedlands, W.A_, pp 14-15

Brits GJ (1986a) Influence of fluctuating temperatures and H,0, treatment on germi-
nation of Leucospermum cordifolium and Serruria florida (Proteaceae) seeds. S
African J Bot 52:286-290

Brits GJ (1986b) The effect of hydrogen peroxide treatment on germination in
Proteaceae species with serotinous and nut-like achenes. S African J Bot 52:291-
293

Brits GJ (1987) Germination depth vs. temperature requirements in naturally dis-
persed seeds of Leucospermum cordifolium and L. cuneiforme (Proteaceae). S Afri-
can J Bot 53:119-124

Brits GJ, van Niekerk MN (1986) Effects of air temperature, oxygenating treatments
and low storage temperature on seasonal germination response of Leucospermum
cordifolium (Proteaceae) seeds. S African J Bot 52:207-211

Brown JM, Hopkins AJM (1984) Regeneration after fire in 170-year-old vegetation
on Middle Island, south-western Australia. In Dell B (ed), Medecos IV. Proc 4th
Int Conf Medit Ecosys. Bot Dept, U Western Australia, Nedlands, W.A., pp
18-19

Brown NAC, Dix L (1985) Germination of the fruits of Leucadendron. S African J
Bot 51:448-452

Carlson JR, Sharp SC (1975) Germination of high elevation manzanitas. USDA For
Serv, Tree Planters’ Notes 26(3):10-11, 25-26

Cavanagh AK (1980) A review of some aspects of the germination of acacias. Proc
Royal Soc Victoria 91:161-180

Christensen NL, Muller CH (1975a) Effects of fire on factors controlling plant
growth in Adenostoma chaparral. Ecol Mono 45:29-55

Christensen NL, Muller CH (1975b) Relative importance of factors controlling ger-
mination and seedling survival in Adenostoma chaparral. Am Mid Nat 93:71-78



266 J.E. Keeley

Clifford HT (1953) A note on the germination of Eucalyptus seed. Aust For 17:17-20

Cowling RM, Lamont BB (1985a) Seed release in Banksia: the role of wet-dry cycles.
Aust J Ecol 10:169-171

Cowling RM, Lamont BB (1985b) Variation in serotiny of three Banksia species
along a climatic gradient. Aust J Ecol 10:345-350

Cowling RM, Lamont BB (1987) Post-fire recruitment of four co-occurring Banksia

~ species. J Appl Ecol 24:645-658

Cowling RM, Lamont BB, Pierce SM (1987) Seed bank dynamics of four co-
occurring Banksia species. J Ecol 75:289-302

Dafni A, Cohen D, Noy-Meir I (1981) Life-cycle variation in geophytes. Ann Mis-
souri Bot Gar 68:652-660

Davidson DW, Morton SR (1984) Dispersal adaptations of some Acacia species in
the Australian arid zones. Ecology 65:1038—1051

Davis G (1992) Regeneration traits in the weakly serotinous obligate seeder Leuca-
dendron xanthoconus (Proteaceae). S African J Bot 58:125-128

Deall GB, Brown NAC (1981) Seed germination in Protea magnifica Link. S African
¥ Sci 77:175-176

Debusshe M (1985) Role des oiseaux desseminateurs dans la germination des graines
de plantes a fruits charnus en région Méditerranéenne. Acta Oecol/Oecol Plant
20 (new series vol 6):365-374

Debusshe M, Escarre J, Lepart J (1980) Changes in Mediterranean shrub commu-
nities with Cytisus purgans and Genista scorpius. Vegetatio 43:73-82

de Lange JH, Boucher C (1990) Autecological studies on Audouinia capitata
(Bruniaceae). 1. Plant-derived smoke as a seed germination cue. S African J Bot
56:700-703

del Moral R, Muller CH (1969) Fog drip: a mechanism of toxin transport from
Eucalyptus globulus. Bull Torrey Bot Club 96:467-475

Del Pozo AH, Fuentes ER, Hajek ER, Molina JD (1989) Zonacion microclimatica
por efecto de los manchones de arbustos en el matorral de Chile central. Rev Chil
Hist Nat 62:85-94

Emery DE (1988) Seed Propagation of Native California Plants. Santa Barbara Bot
Gard. Santa Barbara, CA

Enright NJ, Lamont BB (1989) Fire temperatures and follicle opening requirements
of ten Banksia species. Aust J Ecol 14:107-113

Esterhuizen AD, van de Venter HA, Robbertse PJ (1986) A preliminary study on
seed germination of Watsonia fourcadei. S African J Bot 52:221-225

Floyd AG (1966) Effect of fire on weed seeds in wet sclerophyll forests of northern
New South Wales. Aust J Bot 14:243-256

Frost PGH (1984) The responses and survival of organisms in fire-prone environ-
ments. In Booysen PdV, Tainton NM (eds) Ecological Effects of Fire in South
African Ecosystems. Springer, Heidelberg, pp 273-309

Fuentes ER, Espinosa G (1986) Resilience of central Chile shrublands: a vulcanism-
related hypothesis. Interciencia 11:164—165

Fuentes ER, Espinosa G, Gajardo G (1987) Allelopathic effects of the Chilean
matorral shrub Flourensia thurifera. Rev Chil de Histor Nat 60:57-62

Fuentes ER, Hoffman AJ, Poiani A, Alliende MC (1986) Vegetation change in large
clearings: patterns in the Chilean matorral. Oecologia 68:358—366

Fuentes ER, Otaiza RD, Alliende MC, Hoffmann A, Poiani A (1984) Shrub clumps
of the Chilean matorral vegetation: structure and possible maintenance mecha-
nisms. Oecologia 42:405-411

Gill AM (1975) Fire and the Australian flora: a review. Aust For 38:4-25

Gill AM (1976) Fire and the opening of Banksia ornata F. Muell. follicles. Aust J Bot
24:329-335

Gill AM, Ingwersen F (1976) Growth of Xanthorrhoea australis R. Br. in relation to
its fire tolerance. J Appl Ecol 13:195--203




10. Seed-Germination Patterns in Fire-Prone Regions 267

Gratani L, Amadori M (1991) Post-fire resprouting of shrubby species in Mediterra-
nean maquis. Vegetatio 96:137-143

Grose RJ (1963) Effective seed supply for the natural regeneration of Eucalyptus
delegatensis. 1. Germination and seed dormancy. School For, U Melbourne, Bull
No. 2

Harif 1 (1978) The effect of burning on the germination and development of the
magquis plants. Israel J Bot 27:44

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

Herrera CM (1984a) A study of avian frugivores, bird-dispersed plants, and their
interaction in Mediterranean scrublands. Ecol Mono 54:1-23

Herrera CM (1984b) Adaptation to frugivory of Mediterranean avian seed dis-
persers. Ecology 65: 609-617

Herrera CM (1987) Vertebrate-dispersed plants of the Iberian Peninsula: a study of
fruit characteristics. Ecol Mono 57:305-331

Herrera CM (1992a) Historical effects and sorting processes as explanations for con-
temporary ecological patterns: character syndromes in Mediterranean woody
plants. Am Nat 140:421-446

Herrera CM (1992b) Mediterranean plant-bird seed dispersal systems: The roles
of history and adaptation. In Thanos CA (ed) Medecos VI Proc 6th Int Conf
Medit Clim Ecosys Plant-Animal Interactions in Mediterranean-type Ecosystems,
held at Maleme, Crete (Greece) September 23-27, 1991. U Athens, Greece,
pp 241-250

Herrera J (1991) The reproductive biology of a riparian mediterranean shrub, Nerium
oleander L. (Apocynaceae). Bot J Linnean Soc 106:147-172

Higgins KB, Lamb AJ, van Wilgen BW (1987) Root systems of selected plant species
in mesic mountain fynbos in the Jonkershoek Valley, south-western Cape Prov-
ince. S African J Bot 53:249-257

Hobbs RJ, Atkins L (1991) Interactions between annuals and woody perennials in a
Western Australian nature reserve. J Veg Sci 2:643-654

Hodgkinson KC, Oxley RE (1990) Influence of fire and edaphic factors on germina-
tion of the arid zone shrubs Acacia anerua, Cassia nemophila and Dodonaea
viscosa. Aust J Bot 38:269-279

Hoffmann AJ, Teillier S, Fuentes ER (1989) Fruit and seed characteristics of woody
species in mediterranean-type regions of Chile and California. Rev Chil Hist Nat
62:43-60

Hoffmann MT, Moll EJ, Boucher C (1987) Post-fire succession at Pella, a South
African lowland fynbos site. S African J Bot 53:370-374

Horton JS, Kraebel CJ (1955) Development of vegetation after fire in the chamise
chaparral of southern California. Ecology 36:244-262

Izhaki I, Safriel UN (1985) Why do fleshy-fruit plants of the Mediterranean scrub
intercept fall—but not spring— passage of seed-dispersing migratory birds? Oeco-
logia 67:40-43 )

Izhaki I, Safriel UN (1990) The effect of some Mediterranean scrubland frugivores
upon germination patterns. J Ecol 78:56-65

Izhaki I, Lahav H, Ne’eman G (1992) Spatial distribution patterns of Rhus coriaria
seedlings after fire in a Mediterranean pine forest. Acta Oecol 13:279-289

Izhaki I, Walton PB, Safriel UN (1991) Seed shadows generated by frugivorous birds
in an eastern Mediterranean scrub. J Ecol 79:575-590

Jaksic FM, Fuentes ER (1980) Why are native herbs in the Chilean matorral more
abundant beneath bushes: microclimate or grazing? J Ecol 68:665-669

Jeffery DJ, Holmes PM, Rebelo AG (1988) Effects of dry heat on seed germination
in selected indigenous and alien legume species in South Africa. S African J Bot
54:28-34

Jimenez H, Armesto JJ (1992) Importance of the soil seed bank of disturbed sites in
Chilean matorral in early secondary succession. J Veg Sci 3:579-586



268 J.E. Keeley

Jones CS, Schlesinger WH (1980) Emmenanthe pendulifiora (Hydrophyllaceae): fur-
ther consideration of germination response. Madrofio 27:122-125

Judd TS, Ashton DH (1991) Fruit clustering in the Myrtaceae: seed survival in cap-
sules subjected to experimental heating. Aust J Bot 39:241-245

Kaminsky R (1981) The microbial origin of the allelopathic potential of Adenostoma
fascicularum H. and A. Ecol Mono 51:365-382 ,

Keeley JE (1986) Seed germination patterns of Salvia mellifera in fire-prone environ-
ments. Oecologia 71:1-5 _

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

Keeley JE (1991) Seed germination and life history syndromes in the California
chaparral. Bot Rev 57:81-116

Keeley JE (1992a) Demographic structure of California chaparral in the long-term
absence of fire. J Veg Sci 3:79-90

Keeley JE (1992b) Recruitment of seedlings and vegetative sprouts in unburned
chaparral. Ecology 73:1194-1208

Keeley JE (1992c) A Californian’s view of fynbos. In Cowling RM (ed) The Ecology
of Fynbos: Nutrients, Fire and Diversity. Oxford U Press, Cape Town, RSA, pp
372-388

Keeley JE (1993) Smoke-induced flowering in the fire-lily Cyrtanthus ventricosos. S
Afr J Bot 59:638.

Keeley JE (1992d) Temporal and spatial dispersal syndromes. In Thanos CA (ed)
Medecos VI Proc 6th Int Conf Medit Clim Ecosys Plant-Animal Interactions in
Mediterranean-Type Ecosystems held at Maleme, Crete (Greece) September 23—
27, 1991. U Athens, Greece, pp 251-256

Keeley JE, Brooks AJ, Bird, T, Cory S, Parker H, Usinger E (1986) Demographic
structure of chaparral under extended fire-free conditions. In DeVries JJ (ed) Proc
Chaparral Ecosys Res Conf. California Water Resources Center, U California,
Davis, Report No. 62, pp 133-137

Keeley SC, Johnson AW (1977) A comparison of the pattern of herb and shrub
growth in comparable sites in Chile and California. Am Mid Nat 97:120-132

Keeley JE, Keeley SC (1984) Postfire recovery of California coastal sage scrub. Am
Mid Nat 111:105-117

Keeley JE, Keeley SC (1987) The role of fire in the germination of chaparral herbs
and suffrutescents. Madrofio 34:240-249

Keeley JE, Keeley SC (1989) Allelopathy and the fire induced herb cycle. In Keeley
SC (ed) The California Chaparral: Paradigms Re-examined. Nat Hist Mus LA
County, CA, Sci Ser, No. 34, pp 65-72

Keeley JE, Morton BA, Pedrosa A, Trotter P (1985) Role of allelopathy, heat, and
charred wood in the germination of chaparral herbs and suffrutescents. J Ecol
73:445-458

Keeley JE, Nitzberg ME (1984) The role of charred wood in the germination of
the chaparral herbs Emmenanthe pendulifiora (Hydrophyllaceae) and Eriophyllum
confertiflorum (Asteraceae). Madrofio 31:208-218

Keeley JE, Zedler PH (1978) Reproduction of chaparral shrubs after fire: a compari-
son of sprouting and seeding strategies. Am Mid Nat 99:142-161

Keeley SC, Keeley JE, Hutchinson SE, Johnson AW (1981) Postfire succession of the
herbaceous flora in southern California chaparral. Ecology 62: 1608-1621

Keeley SC, Pizzorno M (1986) Charred wood stimulated germination of two fire-
following herbs of the Califonia chaparral and the role of hemicellulose. Am J Bot
73:1289-1297 .

Kilian D, Cowling RM (1992) Comparative seed biology and co-existence of two
fynbos shrub species. J Veg Sci 3:637-646

Kruger FJ (1977) Ecology of Cape fynbos in relation to fire. In Mooney HA, Conrad



10. Seed-Germination Patterns in Fire-Prone Regions 269

CE (eds) Proc Sym Environ Cons Fire Fuel Man Medit Ecosys. USDA For Serv,
Gen Tech Rep WO-3, pp 230-244

Kruger FJ (1979) Plant ecology. In Day J, Siegfried WR, Louw GN, Jarman ML
(eds) Fynbos Ecology: A Preliminary Synthesis. S African Nat Sci Prog Rep No.
40, pp 88-126 '

Kruger FJ (1983) Plant community diversity and dynamics in relation to fire. In
Kruger FJ, Mitchell DT, Jarvis JUM (eds) Mediterranean-type Ecosystems. The
Role of Nutrients. Springer-Verlag, New York, pp 446-472

Ladiges PY (1974) Differentiation in some populations of Eucalyptus viminalis Labill.
in relation to factors affecting seedling establishment. Aust J Bot 22:471-487

Lamont BB, Barker MJ (1988) Seed bank dynamics of a serotinous, fire-sensitive
Banksia species. Aust J Bot 36:193-203

Lamont BB, Connell SW, Bergl SM (1991) Seed bank and population dynamics of
Banksia cuneata: the role of time, fire, and moisture. Bot Gazette 152:114—122

Lamont BB, Witkowski ETF, Enright NJ (1993) Post-fire litter microsites: safe for
seeds, unsafe for seedlings. Ecology 74:501-512

Le Houerou HN (1974) Fire and vegetation in the Mediterranean basin. Proc Tall
Timbers Fire Ecol Conf 13:237-277

Le Maitre DC (1990) The influence of seed ageing on the plant on seed germination
in Protea nerifolia (Proteaceae). S African J Bot 56:49-53

Le Maitre DC, Brown PJ (1992) Life cycles and fire-stimulated flowering in geo-
phytes. In van Wilgen BW, Richardson DM, Kruger FJ, van Hensbergen JH (eds)
Fire in South African Mountain Fynbos. Springer-Verlag, New York, pp 145-160

Le Maitre DC, Midgley JJ (1992) Plant reproductive ecology. In Cowling RM (ed)
The Ecology of fynbos: Nutrients, Fire and Diversity. Oxford U Press, Cape Town,
RSA, pp 135-174

Levyns MR (1927) A preliminary note on the rhenoster bush Elytropappus rhino-
cerotis and the germination of its seed. Trans Royal Soc S Africa 14:383-388

Levyns MR (1935) Veld burning experiments at Oakdale, Riversdale. Trans Royal
Soc S Africa 23:231-244

Levyns MR (1966) Haemanthus canaliculatus, a new fire-lily from the western Cape
Province. J S African Bot 32:73-75

Manders PT (1986) Seed dispersal and seedling recruitment in Protea laurifolia. S
African J Bot 52:421-424

Manders PT (1987) Is there allelopathic self-inhibition of generative regeneration
within Widdringtonia cedarbergensis stands? S African J Bot 53:408—-410

Manders PT, Richardson DM, Masson PH (1992) Is fynbos a stage in succession to
forest? Analysis of the perceived ecological distinction between two communities.
In van Wilgen BW, Richardson DM, Kruger FJ, van Hensbergen HJ (eds) Fire in
"South African Mountain Fynbos: Ecosystem, Community and Species Response at
Swartboskloof. Springer-Verlag, New York, pp 81-107

Margaris NS (1981) Structure and dynamics of mediterranean type vegetation. Por-
tugaliae Acta Biolog 16(4):45-58

Martin ARH (1966) The plant ecology of the Grahamstown Nature Reserve. 1.
Some effects of burning. J S African Bot 32:1-39

Martin LB, Juhren M (1954) Cistus and its response to fire. Lasca Leaves 4:65-69

Martin RE, Cushwa C (1966) Effects of heat and moisture on leguminous seed. Proc
Tall Timb Fire Ecol Conf 5:159-176

May FE, Ash JE (1990) An assessment of the allelopathic potential of Eucalyptus.
Aust J Bot 38:245-254

Mazzoleni S (1989) Fire and mediterranean plants: germination responses to heat
exposure. Anna Bot 47:227-233

McPherson JK, Muller CH (1969) Allelopathic effects of Adenostoma fasciculatum,
“chamise,” in the California chaparral. Ecol Mono 39:177-198



270 J.E. Keeley

Mesleard F, Lepart J (1991) Germination in seedling dynamics of Arbutus unedo and
Erica arborea on Corsica. J Veg Sci 2:155-164

Mills JN, Kummerow J (1989) Herbivores, seed predators and chaparral succession.
In Keeley SC (ed) The California Chaparral: Paradigms Re-examined. Nat Hist
Mus LA County, CA, Sci Ser, No. 34, pp 49-55

Mirov NT (1936) Germination behaviour of some California plants. Ecology 17:667—
672

Mitrakos K (1981) Temperature germination responses in three Mediterranean ever-
green sclerophylls. In Margaris NS, Mooney HA (eds) Components of Productivity
of Mediterranean-climate Regions: Basic and Applied Aspects. Dr. W. Junk, The
Hague, pp 277-279

Montenegro G, Avila G, Schatte P (1983) Presence and development of lignotubers
in shrubs of the Chilean matorral. Can J Bot 61:1804—1808

Montenegro G, Rivera O, Bas F (1978) Herbaceous vegetation in the Chilean
matorral. Dynamics of growth and evaluation of allelopathic effects of some dom-
inate shrubs. Oecologia 36:237-244

Mooney HA, Kummerow J, Johnson AW, Parsons DJ, Keeley S, Hoffmann A, Hays
RI, Giliberto J, Chu C (1977) The producers: their resources and adaptive re-
sponses. In Mooney HA (ed), Convergent Evolution of Chile and California Medi-
terranean Climate Ecosystems. Dowden, Hutchinson and Ross, Stroudsburg, PA,
pp 85-143

Mott JJ, Groves RH (1981) Germination strategies. In Pate JS, McComb AJ (eds)
The Biology of Australian Plants. U Western Australia Press, Nedlands, W.A., pp
307-341

Muiioz MR, Fuentes ER (1989) Does fire induce shrub germination in the Chilean
matorral? Oikos 56:177-181

Naveh Z (1974) Effect of fire in the Mediterranean region. In Kozlowski TT, Abhlgren
CE (eds) Fire and Ecosystems. Academic Press, New York, pp 401-434

Naveh Z (1975) The evolutionary significance of fire in the Mediterranean region.
Vegetatio 29:199-208

Ne’eman G, Lahav H, Izhaki I (1992) Spatial pattern of seedlings 1 year after fire in
a Mediterranean pine forest. Oecologia 91:365-370

Nieuwenhuis A (1987) The effect of fire frequency on the sclerophyll vegetation of the
West Head, New South Wales. Aust J Ecol 12:373-385

O'Dowd DJ, Gill AM (1984) Predator satiation and site alteration following fire:
mass reproduction of alpine ash (Eucalyptus delegatensis) in southeastern Austra-
lia. Ecology 65:1052—-1066

Papanastasis VP, Romanas LC (1977) Effect of high temperatures on seed germina-
tion of certain Mediterranean half-shrubs. Thessaloniki For Res Inst Bull 86 (in
Greek)

Papio C (1988) Respuesta al fuego de las principales especies de la vegetacion de
Garraf (Barcelona). Orsis 3:87-103

Parker VT, Kelly VR (1989) Seed banks in California chaparral and other mediterra-
nean climate shrublands. In Leck MA, Parker VT, Simpson RL (eds) Ecology of
Soil Seed Banks. Academic Press, San Diego, pp 231-255

Pate JS, Dixon KW (1981) Plants with fleshy underground storage organs—a West-
ern Australian survey. In Pate JS, McComb AJ (eds) The Biology of Australian
Plants. U Western Australia Press, Nedlands, W.A., pp 181-215

Patric JH, Hanes TL (1964) Chaparral succession in a San Gabriel Mountain area of
California. Ecology 45:353-360

Pierce SM (1990) Pattern and process in south coast dune fynbos: population, com-
munity and landscape level studies. Ph.D. Thesis, U Cape Town, Rondebosch,
South Africa

Pierce SM, Cowling RM (1991) Dynamics of soil-stored seed banks of six shrubs in
fire-prone dune fynbos. J Ecol 79:731-747



10. Seed-Germination Patterns in Fire-Prone Regions 271

Pieterse PJ, Cairns ALP (1986) The effect of fire on an Acacia longifolia seed bank in
the south-western Cape. S African J Bot 52:233-236

Preece PB (1971) Contributions to the biology of mulga. I1. Germination. Aust J Bot
19:39-49

Prescott EE (1941) Germination of the seed of mallee eucalypts. Vict Nat 58:8

Purdie RW (1977) Early stages of regeneration after burning in dry sclerophyll vege-
tation. I1. Regeneration by seed germination. Aust J Bot 25:35-46

Purdie RW, Slatyer RO (1976) Vegetation succession after fire in sclerophyll wood-
land communities in south-eastern Australia. Aust J Ecol 1:223-236

Pyke GH (1983) Relationship between time since the last fire and flowering in
Telopea speciosissima R. Br. and Lambertia formosa Sm. Aust J Bot 31:293-396

Quick CR (1935) Notes on the germination of Ceanothus seeds. Madrofio 3:135-140

Ricardo CPP, Veloso MM (1987) Features of seed germination in Arbutus unedo L.
In Tenhunen JD, Catarino FM, Lange O, Oechel WC (eds) (1987) Plant Response
to Stress: Functional Analysis in Mediterranean Ecosystems. Springer, Berlin, pp
565-572

Rice B, Westoby M (1986) Evidence against the hypothesis that ant-dispersed seeds
reach nutrient-enriched microsites. Ecology 67:1270-1274

Richardson DM, van Wilgen BW, Mitchell DT (1987) Aspects of the reproductive
ecology of four Australian Hakea species (Proteaceace) in South Africa. Oecologia
71:345-354 '

Roy J, Arianoutsou-Faraggtaki M (1985) Light quality as the environmental trigger
for the germination of the fire-promoted species Sarcopoterium spinosum L. Flora
177:345-349

Roy J, Sonie L (1992) Germination and population dynamics of Cistus species in
relation to fire. J Appl Ecol 29:647-655

Rundel PW (1981) Fire as an ecological factor. In Lange OL, Nobel PS, Osmond CB,
Ziegler H (eds) Physiological Plant Ecology. 1. Springer-Verlag, New York, pp
501-538

Scriba JH (1976) The effects of fire on Widdringtonia modiflora (L.) Powrie on
Mariepskop. S African For J 97:12-17

Shea SR, McCormick J, Portlock CC (1979) The effect of fires on regeneration of
leguminous species in the northern jarrah (Eucalyptus marginata Sm.) forest of
Western Australia. Aust J Ecol 4:195-205

Siddigi MY, Myerscough PJ, Carolin RC (1976) Studies in the ecology of coastal
heath in New South Wales. IV. Seed survival, germination, seedling establishment
and early growth in Banksia serratifolia Salisb., B asplenifolia Salisb. and B.
ericifolia L.F. in relation to fire: temperature and nutritional effects. Aust J Ecol
1:175-183

Slingsby P, Bond WJ (1985) The influence of ants on the dispersal distance and
seedling recruitment of Leucospermum concocarpodendon (L.) Buek (Proteaceae).
S African J Bot 51:30-34

Sonia L, Heslehurst MR (1978) Germination characteristics of some Banksia species.
Aust J Ecol 3:179-186

Specht RL (1981) Responses to fires in heathlands and related shrublands. In Gill
AM, Groves RH, Noble IR (eds) Fire and the Australian Biota. Aust Acad Sci,
Canberra, Australian Capital Territory, pp 394-415

Stone EC (1951) The stimulative effect of fire on the flowering of the golden brodiaea
(Brodiaea ixiodes Wats. var. lugens Jeps.). Ecology 32:534-537

Stone EC, Juhren G (1951) The effect of fire on the germination of the seed of Rhus
ovata Wats. Am J Bot 38:368-372

Sweeney JR (1956) Responses of vegetation to fire. A study of the herbaceous vegeta-
tion following chaparral fires. U California Pub Bot 28:143-216

Tarrega R, Calvo L, Trabaud L (1992) Effect of high temperatures on seed germina-
tion of two woody Leguminosae. Vegetatio 102:139-147



272 - J.E. Keeley

Taylor HC (1978a) Notes on the vegetation of the Cape Flats. Bothalia 10:637-646

Taylor HC (1978b) Capensis. In Werger MJA (ed) The Biogeography and Ecology of
Southern Africa. Dr. W. Junk, The Hague, pp 171-229

Thanos CA, Georghiou K (1988) Ecophysiology of fire-stimulated seed germination
in Cistus incanus ssp. creticus (L.) Heywood and C. salvifolius. Plant, Cell Env
11:841-849

Thanos CA, Marcou S, Christodoulakis D, Yannitsaros A (1989) Early post-fire
regeneration in Pinus brutia forest ecosystems of Samos Island (Greece). Acta
Oecol Ecol Plant 19:79-94

Thanos CA, Skordilis A (1987) The effects of light, temperature, and osmotic stress
on the germination of Pinus halepensis and P. brutia seeds. Seed Sci Tech 15:163—
174

Trabaud L (1987) Natural and prescribed fire: survival strategies of plants and equi-
librium in mediterranean ecosystems. In Tenhunen JD, Caterino FM, Lange OL,
Oechel WC (eds) Plant Response to Stress. Functional Analysis in Mediterranean
Ecosystems. Springer-Verlag, Berlin, pp 607-621

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

Troumbis A, Trabaud L (1986) Comparison of reproductive biological attributes of
two Cistus species. Acta Oecol/Oecol Plant 21 (new ser vol 7):235-250

Valbuena L, Tarrega R, Luis E (1992) Influence of temperature on germination of
Cistus laurifolius and Cistus ladanifer. Int J Wildland Fire 2:15-20

van de Venter HAJ, Esterhuizen AD (1988) The effect of factors associated with fire
on seed germination of Erica sessiliflora and E. hebecalyx (Ericaceae). S African J
Bot 54:301-304

van Staden J, Brown NAC (1977) Studies on the germinating of South African
Proteacae—a review. Seed Sci Tech 5:633-643

van Wilgen BW, Forsyth GG (1992) Regeneration strategies in fynbos plants and
their influence on the stability of community boundaries after fire. In van Wilgen
BW, Richardson DM, Kruger FJ, van Hensbergen HJ (eds) Fire in South African
Mountain Fynbos. Springer-Verlag, New York, pp 54-80

van Wilgen BW, Viviers M (1985) The effect of fire on serotinous Proteaceae in the
western Cape and the implications for fynbos management. S African For J 133:
49-53

Versfeld DB, Richardson DM, van Wilgen BW, Chapman RA, Forsyth GG (1992)
The climate of Swartboskloof. In van Wilgen BW, Richardson DM, Kruger FJ,
van Hensbergen HJ (eds) Fire in South African Mountain Fynbos. Springer-Verlag,
New York, pp 21-36

Vlahos S, Bell DT (1986) Soil seed-bank components of the northern jarrah forest of
Western Australia. Aust J Ecol | 1:171-179

Vog! RJ, Armstrong WP, White LL, Cole KL (1977) The closed-cone pines and
cypresses. In Barbour MJ, Major J (eds) Terrestrial Vegetation of California. John
Wiley, New York, pp 295-358

Warcup JH (1980) Effect of heat treatment of forest soil on germination of buried
seed. Aust J Bot 28:567-571

Wellington AB, Noble IR (1985a) Post-firé recruitment and mortality in a population -
of the mallee Eucalyptus incrassata Labill. J Ecol 73:645-656

Wellington AB, Noble IR (1985b) Seed dynamics and factors limiting recruitment of
the mallee Eucalyptus incrassata in semi-arid, south-eastern Australia. J Ecol 73:
657-666

Wells PV (1969) The relation between mode of reproduction and extent of speciation
in woody genera of the California chaparral. Evolution 23:264-267

Westman WE, O’Leary JF (1986) Measures of resilience: the response of coastal
scrub to fire. Vegetatio 65:179-189




10. Seed-Germination Patterns in Fire-Prone Regions 273

Wicht CL (1948) A statistically designed experiment to test the effects of burning on
a sclerophyll shrub community. Trans Royal Soc S Africa 31:479-501

Wicklow DT (1977) Germination response in Emmenanthe pendulifiora (Hydrophyl-
laceae). Ecology 58:201-205

Williams 1JM (1972) A revision of the genus Léucadendron (Proteaceae). Cont Bolus
Herbr 3:1-425

Zammit C, Westoby M (1987a) Population structure and reproductive status of two
Banksia shrubs at various times after fire. Vegetatio 70:11-20

Zammit C, Westoby M (1987b) Seedling recruitment strategies in obligate-seeding
and resprouting Banksia shrubs. Ecology 68:1984—1992

Zammit C, Westoby M (1988) Pre-dispersal seed losses, and the survivakof seeds and
seedlings of two serotinous Banksia shrubs in burnt and unburnt heath. J Ecol
76:200-214 .

Zedler PH (1977) Life history attributes of plants and the fire cycle: a case study in
chaparral dominated by Cupressus forbesii. In Mooney HA, Conrad CE (eds)
Proc Symp Environ Cons Fire Fuel Man Mediter Ecosys. USDA For Serv, Gen
Tech Rep WO-3, pp 451-458

Zedler PH (1981) Vegetation change in chaparral and desert communities in San
Diego county, California. In West DC, Shugart HH, Botkin D (eds) Forest Suc-
cession. Concepts and Applications. Springer-Verlag, New York, pp 406-430

Zohar Y, Wisel Y, Karschon R (1975) Effects of light, temperature and osmotic stress
on seed germination of Eucalyptus occidentalis Endl. Aust J Bot 23:391-397



