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Abstract

In Mediterranean ecosystems, as well as in other fire prone ones, seedling establishment by some species is par-
ticularly favorable right after fire. It has been well established that many plants from these ecosystems have
enhanced germination after exposing their seeds to heat or to chemicals related to the passage of fire. Less known
it is how variable is this germination response among seeds from different sources (populations, individuals within
a population, or parts of the plant within an individual) and whether such differences persist after exposing the
seeds to germination-triggering, fire-related cues. In this work we studied the germination response to several
fire-related factors of the Mediterranean, lignotuberous shrub Erica australis. This species produces a very com-
bustible fuel, and resprouts vigorously after fire, but conditions for seedling establishment are poorly known. The
objective of this study was to evaluate how variable was the germination response of this species among seeds
from different sources, and whether this variability changed after exposing the seeds to fire-related factors. Seeds
from three different sites, from different individuals at each site, and from different branches within each indi-
vidual were set to germinate under control conditions or after exposing them to heat or to additions of nitrog-
enous compounds. Germination was highly variable among populations, individuals within populations or
branches within individuals. Exposure to moderate heat promoted germination, but high temperatures were le-
thal. Differences at the various provenance levels were, however, also observed after heat exposure. Germination
of seeds exposed to nitrogenous compounds increased, but differences among populations were always signifi-
cant. These results indicate that the germination of Erica australis may be linked to disturbances, but it does not
seem to be particularly related to passage of fire. On the contrary, this type of response appears more common in
plants from heterogeneously disturbed environments.

Introduction

Germination requirements of plant species are consid-
ered to reflect the conditions favorable for their es-
tablishment (Fenner 1987). In fire-prone ecosystems,
conditions for seedling establishment of many species
are particularly favorable just immediately after the
passage of a fire, due to improved resource availabil-
ity, among other. This is the case for Mediterranean-
type environments, in which massive recruitment af-

ter fire has been commonly reported (Christensen and
Muller 1975; Trabaud and Lepart 1980; Arianoutsou
and Margaris 1981). Since the establishment window
for germination after fire may be short, eventually
limited to the first year (Quintana et al. pers. com.),
plants in fire-prone ecosystems would tend to produce
seeds that would be released from dormancy only af-
ter being exposed to fire-related factors, such as high
temperatures (Keeley 1987; Thanos and Georghiou
1988; Trabaud and Oustric 1989), smoke (Brown
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1993; Dixon et al. 1995; Keeley and Fotheringham
1998a), carbonaceous compounds (Keeley et al.
1985; Keeley 1987), nitrogen oxides and other nitrog-
enous compounds (Thanos and Rundel 1995; Doussi
and Thanos 1997; Keeley and Fotheringham 1997,
1998b), products that are related to the combustion of
plant materials. These findings have led to the inter-
pretation that recruitment of many Mediterranean-
type plants has evolved linked to the passage of fire.

Some of the strongest responses to fire-related fac-
tors in germination have been shown by pioneer,
seeder species, such as several Cistus species (Tra-
baud and Oustric 1989; Thanos et al. 1992; Valbuena
et al. 1992), whose recruitment after fire is massive
(Roy and Sonié 1992; Luis-Calabuig et al. 1996;
Pérez and Moreno 1998). On the other hand, recruit-
ment of mid to late-successional species, which nor-
mally produce large, vertebrate-dispersed seeds, oc-
curs mainly in unburned conditions, and, after fire,
they regenerate mainly by resprouting (Herrera
1987a; Keeley 1992; Aronne and Wilcock 1994; De-
bussche and Isenmann 1994), their seeds being rather
sensitive to heat (Mesléard and Lepart 1991). Never-
theless, not all resprouter species seem to fit well with
this syndrome. For instance, many species of the ge-
nus Erica are vigorous reprouters after fire but they
produce numerous, small, passively dispersed seeds
(Cruz and Moreno 2001). Some obligate seeder spe-
cies of the genus Erica have germination responses
which suggests a close relationship to fire, since ger-
mination increased after exposure to moderate tem-
peratures (Van de Venter and Esterhuizen 1988;
González-Rabanal and Casal 1995) or to smoke
(Brown et al. 1993). On the other hand, the germina-
tion of resprouting species of Erica in relation to fire
is poorly known, being commonly reported that seed-
ling establishment after fire is scarce, and regenera-
tion occurs mainly by resprouting from the lignotuber
(Ojeda et al. 1996; Calvo et al. 1998; Valbuena et al.
2000). However, establishment of new individuals in
unburned stands is rare (Mesléard and Lepart (1991);
Zuazua, pers. com.), and the conditions for it poorly
known. Knowledge of the germination ecology of
these species is needed to elucidate what conditions
may propitiate their recruitment.

In general, the relationship between a certain fac-
tor and the germination response of a species is in-
ferred by studying individuals from a given site that
are mixed together. This gives information on the av-
erage response of a population. Extrapolations are
made assuming that other populations perform simi-

larly. However, variability in the germination re-
sponse of seeds from different provenance is well
known, either among populations, different individu-
als of the same population (Cavers and Harper 1966;
Palmblad 1969; Thompson 1975; Martin et al. 1995;
Schütz and Milberg 1997) or different parts of the
same individual (Williams and Harper 1965; Cavers
and Harper 1966; Baskin and Baskin 1976; Westoby
1981; Silvertown 1984). As a result of this polymor-
phic germination response not all seeds may equally
respond to a given stimulus. Such behavior may be
advantageous to persist in environments in which
conditions favorable for seedling establishment are
highly variable in time or space (Lloyd 1984; Venable
1985; Meyer et al. 1997). Indeed, polymorphic ger-
mination responses have been found to be greater in
populations living in unpredictable environments than
in less variable, and more stable ones (Meyer and
Allen 1999). Additionally, exposing seeds to stimuli
indicative of conditions favorable for establishment
would level out the variability in seed germination
found in recently dispersed seeds from different pop-
ulations (Milberg and Andersson 1998).

It would be expected that, if recruitment of a spe-
cies is closely linked to the passage of fire, then ger-
mination might increase after exposing the seeds to
fire related cues. In addition, the variability of the
germination response among seeds from different
provenances would decrease after exposing the seeds
to a germination-triggering, fire related factor. This
behavior was shown by the Mediterranean seeder
shrub, Cistus ladanifer (Pérez-García 1997). Con-
versely, species whose recruitment is not so strongly
associated with fire may exhibit a more variable ger-
mination response, and the differences would not dis-
appear after subjecting the seeds to fire-related cues.
In Betula pendula, exposing the seeds to heat or ash
addition had no effect on their germination, and the
interpopulational differences were not removed by
treatments (Reyes et al. 1997), which was interpreted
as evidence of not having been related to fire.

In this work we analyzed the germination response
of the lignotuberous, Mediterranean shrub Erica aus-
tralis L., a dominant species of the Mediterranean-
type shrublands of the western, siliceous part of the
Iberian Peninsula (Rivas-Martínez 1979). E. australis
is a facultative resprouter, which colonizes many
abandoned areas, forming dense shrublands of an ear-
ly-, to mid-successional status. The relationship to fire
of the germination response of E. australis was eval-
uated by analyzing the response of different popula-
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tions, different individuals within a population and
different branches from the same individual to heat or
other factors commonly associated to changes that
occur in burned soils, such as increased availability
of nitrogenous compounds (Christensen 1994). The
underlying hypothesis was that, if fire had played a
role in determining the germination response of this
species, exposing seeds from different provenances
(populations, individuals within a population or
branches within an individual) to fire-related cues
would enhance their germination but would also level
out the variation in the germination between seeds
from the different sources. Understanding the condi-
tions that control the germination of this species, and
the sensitivity of seeds from different provenances to
various factors may help us understand the forces that
drive the dominance of this species in many shru-
blands.

Methods

Species and study sites

Erica australis L. is a multistemmed shrub, up to 2.5
m high, with a well-developed lignotuber (Moreno et
al. 1999) from which it sprouts vigorously after a fire.
Leaves are numerous and small (ericoid-type), as well
as the stems and branches, making up a highly com-
bustible fuel. This species has numerous small, her-
maphroditic flowers (a medium-sized plant with an
aboveground biomass of 2 kg produces more than
10,000 flowers in one year). The fruits ripe in June–
July, and consist of a capsule containing 15–45 seeds,
with a biomass of 0.03–0.06 mg per seed (Cruz and
Moreno, unpublished data).

Three sites were selected in the province of
Cáceres (mid-western Spain) (Table 1), all of them
with slate-type substrates. The minimum distance be-
tween any two sites was 5 km, and they were sepa-
rated by some topographic element, namely mountain
ridges. For the purpose of this work, the plants from
each site were considered as different populations.
The vegetation of the sites could be ascribed to the
phytosociological association Halimio ocymoidis-
Ericetum umbellatae (Rivas-Martínez 1979), the
dominant species being Erica australis L., Cistus
ladanifer L., Rosmarinus offıcinalis L., Halimium
ocymoides (Lam.) Willk., Lavandula stoechas subsp.
luisieri (Rozeira) Rozeira and Erica umbellata L.
(Nomenclature follows Valdés et al. (1987)). The cli-

mate of the study area, determined from the Guada-
lupe meteorological station, near to the study sites
(39°27� N, 5°19� W, 600 m elevation) (Forteza del
Rey 1986), has a mean annual temperature of 14.6 °C
and an annual rainfall of 783 mm, though precipita-
tion during the summer period (July to September) is
only 37 mm. Hence the climate is characterized as
sub-humid meso-Mediterranean (Rivas-Martínez
1987).

Seed sampling

Sampling I: Five individuals of E. australis were ran-
domly selected in each of the three populations by
late spring (May). At this time of the year the polli-
nation process was deemed to be finished, but seeds
had not yet dispersed. In each individual, three termi-
nal branches, fully exposed to the sun, were selected
and covered with nylon bags (30 cm long), following
the method used by Herrera (1987b). The nylon bags
were left on until October, when all the covered
branches were cut off and taken to the laboratory. The
branches on which the nylon bags were torn were ex-
cluded from the experiment, reducing the sample size
to 14 branches for site 1, 13 branches for site 2, and
9 branches for site 3. The seeds were separated man-
ually from the rest of plant materials and stored in
paper bags in the dark, at room temperature until
used.

Sampling II: In early summer (June) of a different
year, E. australis seeds were collected from ripe
fruits, in the process of dispersal, from 15 individuals
at each of the three populations studied. The seeds
were brought to the laboratory and stored in dark, dry
conditions at room temperature.

Experiment I. Seed germination variability under no
heat pre-treatment

In order to determine the variability in germination
between populations, between individuals within pop-
ulations and between branches within individuals, one

Table 1. Elevation (m), exposure and geographic coordinates of
the three populations studied.

Site Elevation Exposure Latitude Longitude

P1 650 m SE 39°36� 5°16�

P2 850 m E-NE 39°36� 5°20�

P3 600 m SW 39°40� 5°25�
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hundred and fifty seeds per branch from sampling I
were selected and set to germinate into three 5.5 cm
diameter Petri dishes (50 seeds per dish) containing 5
g of commercial heathland substrate each. This sub-
strate had 1% N, 0.2% P, 0.2% K, 0.2% Mg, 0.2% Fe
and 80% of organic matter, with a pH value ranging
from 5.6 to 6.0. The substrate was dried in a forced-
air oven, at 70 °C for 48 h before being used. Previ-
ous tests with E. australis seeds had shown that ger-
mination was highest on this substrate compared with
other standardized substrates. The Petri dishes were
placed in a germination chamber (Selecta Hotcold-
GL) at a constant temperature of 22.5 °C, with an in-
cident photon flux area density of 19 µmol m−2 s−1,
generated by 6 Philips 18 W fluorescent tubes of the
’TL’D standard type (wavelength 400 to 650 nm) with
a photoperiod of 12 hours. The dishes were watered
with deionized water as to keep the seeds perma-
nently moist. The dishes were randomly placed within
the chamber, and the position of each dish was rotated
every week. The number of germinated seeds in each
dish was counted at weekly intervals. Those seeds
whose radicle had emerged were considered as ger-
minated. The experiment was started when the seeds
were one year old, and lasted for 11 weeks.

Experiment II. Seed germination variability and
application of heat

Four hundred seeds were selected from each branch
from sampling I, and were divided into 4 groups of
100 seeds each. The following treatments were ap-
plied to the seeds: control (no manipulation) or heat
application by exposing the seeds in an oven to: 70
°C for one hour, 100 °C for 5 minutes, or 150 °C for
5 minutes, respectively. Temperatures inside the oven
during the treatment applications were monitored
with thermocouples. The 100 seeds from each treat-
ment were immediately distributed onto 2 Petri dishes
(50 seeds per dish) and set to germinate in the germi-
nation chamber. Light and temperature conditions and
substrate type were the same as described for experi-
ment I. The experiment began when the seeds were
24 months old. The number of germinated seeds in
each dish was counted weekly, during a period of 11
weeks. Seeds were available from each of 5 individu-
als per population except population P3, for which
only seeds from 4 individuals were available.

Experiment III. Effect of the application of
nitrogenous compounds

Four hundred and fifty seeds were selected from each
population corresponding to sampling II, and were
distributed onto 9 Petri dishes (50 seeds per dish). We
used three treatments to test the effect of adding ni-
trogenous compounds on germination: a) control (ad-
dition of deionized water); b) addition of potassium
nitrate, 10 mM; and c) addition of ammonium nitrate,
10 mM. Each treatment was replicated 3 times. The
nitrogenous compound treatments were done by irri-
gating with 1.2 ml of the appropriate solution at the
beginning of the experiment and using deionized wa-
ter thereafter. In this case, seeds were germinated on
filter paper (Whatman No. 42). The seeds, which were
50 months old when the experiment began, were set
to germinate in the germination chamber under the
same conditions of the previous experiment, for a pe-
riod of 11 weeks. Seed germination was monitored
weekly.

Statistical analysis

For all experiments, we analyzed the total cumulative
germination percentage at the end of each germina-
tion experiment. Prior to the statistical analysis, all
data were arcsine transformed (Sokal and Rohlf
1981). However, for ease of interpretation, data will
be presented graphically without transformation.

The results of experiment I were tested by means
of a nested-ANOVA with three levels: populations (n
= 3), individuals within populations (n = 5) and
branches within individuals (n = 3). Because not all
individuals had enough seeds from all the branches
to perform the experiment (see Materials and meth-
ods. Seed sampling), the design was corrected for
different sample sizes according to the procedures de-
scribed by Sokal and Rohlf (1981), for which we used
the NESTED program provided with the text.

The results from experiment II were first tested by
means of a split-plot nested-ANOVA (Westley 1993)
with two levels (level 1: populations, and level 2: in-
dividuals within populations) and blocks within each
individual for the four treatments used (control, 70 °C
for 1 hour, 100 °C for 5 minutes and 150 °C for 5
minutes). This analysis was used to tests for the ef-
fects of population, heat treatment, and interaction
between them, on germination. The individual level
was included in this analysis for testing properly the
population effect; however, the variability among in-
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dividuals within populations could not be inferred
from this design. To check specifically for possible
different responses to heat among individuals within
a population, additional, separate split-plot nested
ANOVAs were conducted for each population, with
two levels (level 1: individuals, and level 2: branches
within individuals) and blocks containing the four
heat treatments. Seeds from five individuals were
available, except in population 3, for which there
were only four individuals. We used the split-plot pro-
gram of the SUPERANOVA statistical package (Aba-
cus Concepts 1989). Additionally, we analyzed the
effect of the different levels of the heat treatment on
the differences at the level of branches within indi-
viduals, individuals within populations, and between
populations by means of nested-ANOVA tests (one
for each level of the heat treatment) in a similar way
as described for experiment I.

Experiment III was analyzed by a 2 way-ANOVA,
using as factors: (I) population (P1, P2 and P3) and
(II) nitrogenous compounds (control, potassium ni-
trate addition and ammonium nitrate addition).

Results

Experiment I. Response at the level of populations,
individuals and branches

The total mean overall germination percentages
reached by the 3 populations were low (Figure 1).
Germination differed significantly for the three levels
of variation: among populations, among individuals
within populations, and among branches within indi-
viduals (Figure 1, Table 2). Populations accounted for
the greatest proportion of variance, with decreasing
variance ascribed to individuals within populations,
then to branches within individuals, and, lastly, to
replicates (Table 2).

Experiment II. Germination and heat

No seeds germinated after the application of 150 °C
for 5 minutes, and this treatment was therefore ex-
cluded from the analysis. Seeds exposed to either 70°
for 1 h or to 100 °C for 5 min. had greater germina-
tion percentages than the control, unexposed seeds
(Table 3, Figure 2). Germination percentages also dif-
fered significantly among populations (Table 3). No
statistically significant interaction was observed be-
tween the application of heat and the population of

origin of the seeds (Figure 2, Table 3), which means
that all seeds responded to heat in the same way irre-
spective of their population of origin.

The separate split-plot nested ANOVAs for each
population showed a significant interaction between
heat application and the individual of origin of the
seeds for the three populations (Table 4). This sug-
gest that the response to heat was not homogeneous
inside populations, and seeds from some individuals

Figure 1. Germination percentages (± standard errors) of Erica
australis seeds from 3 different branches from each of 5 different
individuals from 3 different populations A) Population 1, B) Popu-
lation 2 and C) Population 3. (n.a. = not available). Positions with
no bars indicate zero germination. See Table 2 for statistical results.
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responded positively to heat but others did not (Fig-
ure 3). Germination was also significantly affected by
the branch of origin of the seeds in two of the three
populations (Table 4).

The separate nested-ANOVA for the control treat-
ment showed statistically significant differences
among branches within individuals, individuals
within the populations, and populations (Table 5).
Differences among populations explained most of the
variance (ca. 60%), followed by differences among
individuals within populations, which also accounted
for a considerable portion of the variance (ca. 30%).
The separate nested-ANOVA for the 70 °C for 1 hour
treatment did not produced statistically significant
differences among individuals within the population
(Table 5). In this case, the variance explained by dif-
ferences among the branches within individuals in-
creased up to 37%, while decreasing the proportion
of variance accounted by differences among individ-
uals within populations down to 3%. The separate
nested-ANOVA for the 100 °C for 5 minutes treat-
ment produced similar results (Table 5). These find-
ings partially confirm the results obtained in experi-
ment I, which rendered differences in the germination
percentages of seeds at the level of branches, individ-
uals and populations. However, when seeds were
heated, the level of significance of the differences
among branches within individuals was increased
compared to the differences among individuals, which
in this case became not statistically significantly dif-
ferent.

Experiment III. Effect of the addition of nitrogenous
compounds

The addition of nitrogenous compounds significantly
increased germination percentages, with a similar
stimulation of germination caused by ammonium ni-
trate addition compared to potassium nitrate addition

(Figure 4). Although populations differed signifi-
cantly in germination percentages, they responded
similarly to the treatments (no significant interaction,
Figure 4, Table 6).

Discussion

The germination of E. australis not exposed to fire-
related cues showed significant differences among
populations, among individuals from the same popu-
lation, and among branches within the same individ-
ual. These differences between seeds of various prov-
enances, in particular the ones related to the among-
population differences, were also observed when the
seeds were subjected to different fire-related treat-
ments, such as the application of heat or the addition
of nitrogenous compounds. This indicates that vari-
ability in germination response within and between
plants of E. australis is an important feature of the
establishment niche of this species, and that such
variability is preserved despite being subjected to fac-
tors that could potentially enhance its germination.
The consequences of this will be a highly variable
germination response, rather than a uniform one,
across the landscape. Because seed production and
resprouting capacity may also vary from place to
place (Cruz and Moreno 2001; Cruz et al. 2002), the
regeneration capacity in response to fire by this spe-
cies may be highly variable by both mechanisms, re-
sprouting and seeding. This pattern of germination
suggests a response for establishing under highly var-
iable conditions in space and time. This may be use-
ful in Mediterranean-type ecosystems, which are
highly variable in climate, soils, relief, and human
activities. Preserving a portion of the seeds to germi-
nate at later events, complemented with a high seed
production, might be highly advantageous for small-
seeded species, such as E. australis, presumably more
sensitive to various stresses (Westoby et al. 1992),
such as limitations in soil water availability (Lloret et
al. 1999) or defoliation (Armstrong and Westoby
1993).

This pattern of high variability in the germination
response of E. australis, irrespective of the fire-re-
lated cues applied to the seeds, indicates that fire may
have not played an important role in determining the
germination response of E. australis. Such type of re-
sponse is unlikely to favor establishment in fire-dom-
inated landscapes. It was shown that differences be-
tween populations were maintained even when heat

Table 2. Results of the nested ANOVA for the effects of popula-
tion, individual within population and branch within individual on
the germination of Erica australis seeds. The (�) refer to the cor-
rected statistics for unbalanced design.

Effect d.f. MS� F� P� Associated variance

Population 2 1.237 5.95 < 0.025 43%

Individual 12 0.208 4.92 < 0.005 33%

Branch 18 0.041 6.07 < 0.001 15%

Error 66 0.007 9%
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was applied to them. Yet, fires can be large enough to
affect populations in different environments, more so
the larger (hence, the more intense and severe) they
may be. Consequently, the need to reestablish may be
concurrent for widely separated populations. Al-
though heating increased germination of E. australis
seeds, the response of the individuals to thermal treat-
ment was not homogenous, as evidenced by the sig-
nificant interaction between individuals and the ther-
mal treatments for the three populations studied,
indicating that not all individuals were affected simi-
larly by such treatments. Furthermore, the application
of heat caused a noticeable increase in the within-in-
dividual component of the variance, which may re-
flect an important phenotypic plasticity in the germi-
nation response (Meyer and Allen 1999). Such
plasticity would not be expected if fire would act as a
main environmental cue for triggering germination.

More so in a plant whose dispersal distance from the
mother plant is small, due to its passive dispersal,
which reduces the probability that seeds from one
mother plant will be exposed to a variety of condi-
tions, including changes in fire severity.

The germination of E. australis increased after ex-
posing the seeds to factors that may be related to fire,
such as moderate heat. Indeed, germination multi-
plied by two when the seeds were exposed to moder-
ate temperatures (70–100 °C). These findings would
suggest that germination of E. australis may be pro-
moted as a result of fire. However, exposure to higher
temperatures (150 °C) was lethal. The temperatures
that were lethal commonly occur at the soil surface
of the these shrublands, even when subjected to con-
ditions of experimental fires (Quintana (1999); Zua-
zua, unpublished data). It is likely that only those
seeds buried at a certain depth could survive a fire, as
temperature during a fire decreases sharply with depth
(Quintana 1999). However, the possibility to recruit
from deeper soil is also probably limited in such a
small seeded plant. In other species whose germina-
tion is stimulated by heat, such as Ulex parviflorus,
germination rates decrease sharply with increasing
soil depth (Baeza 2001). These findings suggest that
conditions in which severe forest fires prevail may not
be favorable for the establishment of this species.
Only under conditions of low severity fires, recruit-

Figure 2. Germination percentages (± standard errors) of Erica australis seeds from 3 different populations subjected to control (no ma-
nipulation) (white bars), 70 °C for 1 hour (striped bars) and 100 °C for 5 minutes (dark bars). See Table 3 for statistical results.

Table 3. Results of split-plot nested ANOVA for the effects of
population, individual within population and application of heat on
the germination of Erica australis seeds.

Effect d.f. MS F P

Population 2 3.24 9.32 < 0.01
Individual 11 0.35 9.22 < 0.001
Heat 2 0.93 16.25 < 0.05
Heat*population 4 0.06 1.51 n.s.

Error 142 0.04
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ment by this species may be possible. Such conditions
might be found in management-related fires in spring
and fall, but unlikely in summer fires.

Our results show that adding nitrogenous com-
pounds stimulated the germination of E. australis
seeds. The mechanisms by which nitrogenous com-
pounds affect the germination of Mediterranean-type
plants are not completely clear. It has been argued that
the stimulating role of solutions obtained from burnt

fuels on seed germination could be due to the pres-
ence of nitrogenous compounds (Thanos and Rundel
1995; Doussi and Thanos 1997), suggesting a nutri-
tion-related stimulation through an unknown mecha-

Figure 3. Germination percentages (± standard errors) of Erica
australis seeds from 5 different individuals from each one of 3 dif-
ferent populations A) Population 1, B) Population 2 and C) Popu-
lation 3, in response to control (no manipulation) (white bars), 70
°C for 1 hour (striped bars) and 100 °C for 5 minutes (dark bars).
See Table 4 for statistical results.

Table 4. Results of the split-plot nested ANOVAs for the effects of
individual, branch within individual and application of heat on the
germination of Erica australis seeds for each of the three different
populations studied.

Effect d.f. MS F P

Population 1

Individual 4 0.33 1.56 n.s.

Branch 8 0.21 16.09 < 0.001
Heat 2 0.90 16.35 < 0.01
Heat*individual 8 0.06 4.13 < 0.001
Error 55 0.01

Population 2

Individual 4 0.17 0.49 n.s.

Branch 4 0.35 38.57 < 0.001
Heat 2 0.32 10.34 < 0.01
Heat*individual 8 0.03 3.34 < 0.01
Error 35 0.01

Population 3

Individual 3 0.60 114.52 n.s.

Branch 1 0.01 0.50 n.s.

Heat 2 0.14 2.83 n.s.

Heat*individual 6 0.05 4.60 < 0.01
Error 17 0.01

Table 5. Individualized nested-ANOVA tests for the effects of pop-
ulation, individual within population and branch within individual
on the germination of Erica australis seeds for each of the differ-
ent levels of the heat exposure treatment. The (�) refer to the cor-
rected statistics for unbalanced design.

Effect d.f. F� P� Associated variance

Control

Population 2 8.77 < 0.005 59%

Individual 13 6.23 < 0.005 28%

Branch 27 3.43 < 0.005 7%

Error 55 6%

70 °C/1 h

Population 2 11.02 < 0.005 55%

Individual 13 1.16 > 0.05 3%

Branch 27 17.53 < 0.001 37%

Error 55 5%

100 °C/5 min

Population 2 8.94 < 0.005 49%

Individual 13 1.29 > 0.05 6%

Branch 27 10.01 < 0.001 36%

Error 55 9%
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nism. From an evolutionary point of view it is appeal-
ing to consider that seeds poor in nutritional reserves,
like those of E. australis, could substitute nutritional
reserves by physiological controls that would permit
to activate or suppress germination, depending on the
availability of nutrients in the environment (Thanos
and Rundel 1995), particularly if this is deficient in
nitrogen. The soils of the studied areas had total ni-
trogen content (0–10 cm depth) of 0.21–0.26%, simi-
lar to those described from other soils typical of areas
with a Mediterranean climate, and considered defi-
cient in nitrogen (Margaris et al. 1984). On the other
hand, Keeley and Fotheringham (1997) have reported
that stimulation by smoke of the germination of Em-
menanthe penduliflora, an annual pyrophytic species
from the Californian chaparral, is due to the role of
nitrogen oxides, which would induce germination by
changes in the pH (Keeley and Fotheringham 1998b).
Independently of the mechanism involved, our find-

ings support the idea that germination of E. australis
may be favored in environments subjected to in-
creased mineral nitrogen availability, which is found
in postfire environments (Marion et al. 1991; Chris-
tensen 1994), but also following other disturbances
(Pons 1989).

In summary, this study demonstrates that seeds of
E. australis may germinate in a significant proportion
in response to factors related to the passage of fire,
such as heat and exposure to nitrogenous compounds.
However, the variable germination at all levels, even
within the individuals themselves, and also even
when the seeds were exposed to some of these fire-
related factors, together with its high sensitivity to
high temperatures supports the hypothesis that re-
cruitment of E. australis may be tuned to a variety of
environmental factors, and could be favored in dis-
turbed environments, but not strictly linked to the
passage of fire. Mediterranean-type ecosystems have
been considered as a model of man-made, disturb-
ance-dependent ecosystems, producing fine grain
landscapes (Naveh 1994). Environments such as
those established by man in Mediterranean areas, with
management related, low-severity fires, may have fa-
vored the spread of E. australis. Indeed, the distribu-
tion of the species of the genus Erica in the Iberian
Peninsula is thought to have been favored during the
recent Holocene by humans, eventually by the use of

Figure 4. Germination percentages (± standard errors) of Erica australis seeds from 3 different populations subjected to water addition
(white bars), addition of KNO3, 10 mM (striped bars) or addition of NH4NO3, 10 mM (dark bars). See Table 6 for statistical results.

Table 6. Results of the 2-way ANOVA for the effects of popula-
tion and addition of nitrogenous compounds on the germination of
Erica australis seeds.

Effect d.f. MS F P

Population 2 0.55 18.26 < 0.001
Nitrogenous compounds 2 0.54 17.75 < 0.001
Population*nitrog. comp. 4 0.02 0.60 0.667

Error 18 0.03
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fire (Van den Brink and Janssen 1985). On the con-
trary, the current fire regime in many Mediterranean
areas, with large and severe fires (Moreno et al. 1998)
may be detrimental for the establishment of this spe-
cies. Altogether, our study illustrates that the relation-
ship between fire and some Mediterranean plant spe-
cies is subject to caveats, even for some species that
could be considered as paradigmatic in their fire syn-
dromes, given their structural characteristics (pres-
ence of lignotubers, high resprouting capacity, and
fine, highly combustible fuel), and needs still to be
elucidated.
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