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Predicting patterns of post-fire germination in 35 eastern
Australian Fabaceae

TONY D. AULD
MICHAEL A. O'CONNELL*
National Parks and Wildlife Service NSW. PO
Box 1967, Hurstville. NSW 2220. Australia

Abstract

Germination in 35 speeies from 15 legume
genera of southeastern Australia was promoted
by a heat treatment which broke the seed coat-
caused dormancy. Once the critical tem-
perature was reached, most seeds had their
dormancy broken, independent ofthe duration
of heating. Speeies fell into three classes
according to whether their dormanev was
broken by a temperature of 40. 60 or 80°C.

Highest germination in all speeies was
achieved by heating in the temperature range
80-100°C. although long durations (120 min)
at lOO'C caused seed death in several species. At
120°C, seeds of most species were killed at all
but one minute's duration. A proportion of seeds
from 7 speeies fAcacia myrtifolia, Pultenaea
daphnoides, P. incurvata, P. linophylla, P.
polifolia, Diilwynia floribunda and Sphaerol-
obium vimineumj was not killed at 12O'C and
had their dormancy broken. This proportion
varied markedly and resultant germination
levels were significantly less than those at 80
and lOO'C, except in S. vimineum.

Between-site variations in the 4 speeies tested
(A. myrtifolia, A. suaveolens, A. terminals and
A. ulicifoliaj were small. These variations con-
cerned: (i) the minimum temperature required
to break seed dormancy in 2 speeies: 60°C in one
population of A., myrtifolia and A. suaveolens,
and 80°C in the other: and (ii) the intensity of
the germination response.

•Present address: Institute of Statistics, Box 8203,
Raleigh, NC 27695, USA.

Duration of heating was less important than
temperature as a determinant of germtnation.
Ordination techniques revealed that results
from one duration across temperatures were
comparable with data from multiple durations.
This has significant applications in studying
rare species, where seed may be in short
supply.

Predicted germination levels after a moderate
intensity fire should far exceed those after a low
intensity fire. Little germination was predicted
for many species after a low intensity fire and
for one species. A. elongata, no germination was
predicted. The potential role of indicator speeies
in relation to the maintenance of species in a
community is suggested.

Introduction

Predictions concerning the dynamics of plant
populations require an understanding of the
nature of the germination process. This is
particularly important for those species in
disturbance-prone communities, m which all
above-ground plants may be killed by a
disturbance. Such populations must then rely
on successful germination and establishment
via a dormant seed bank or widespread dis-
persal of seed to maintain their presence in the
disturbed site.

In many 'Mediterranean-type' ecosystems,
fire acts as a major disturbing force. Where
plants are killed by fire (obligate seeders), their
presence after a fire depends upon successful
recruitment. Where adult plants are capable of
resprouting after a fire, no seedling re-
generation may be needed to maintain a
population after a single fire. However, there
may be some mortality of adults during the fire
(Beadle 1940; Keeley & Zedler 1978; Brad-
stock & Myerscough 1988) and some sene-
scence in inter-fire periods. Consequently,
over a long series of fires, some successful
seedling establishment will be necessary to
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replace this loss of adults if the population is to
remain stable in numbers (e.f. Miyanishi &
Kellman 1986).

Many plant eommunities eontain speeies
with a buried seed bank of innately dormant
seeds (sensu Harper 1957); for example, herbs,
annuals, shrubs and so on (Keeley 1981;
Kruger 1983; Auld 1986b). For legume speeies
(Fabaeeae), the release of seedlings from the
dormant seed bank involves the breaking of
seed dormancy by heat on the seed eoat
(Cushwa et al. 1968; Cavanagh 1980). Some
germination will also occur independently of
soil heating during a fire, although evidence
suggests that this is limited and that the
survival of such establishing seedlings is rare
(Moll & Grubb 1981; Weiss 1984; Auld
1986b). The importance of heat in breaking
seed dormancy has been illustrated in several
plant families (e.g. Fabaceae. Lamiaceae,
Rhamnaceae) in different fire-prone environ-
ments throughout the world (Gill & Groves
1981; Kruger 1983; Keeley 1987), although no
comprehensive attempt has been made to link
germination to actual fire intensities. The
abundance of seedlings establishing after fire
will be controlled by the degree of soil heating
during the passage ofthe fire, the distribution
of seeds in the soil profile, and soil moisture
availability in the post-fire environment.

If predietions concerning the long-term
dynamics of plant species in fire-prone areas
are to be made, a link between the germina-
tion/heating response of seeds across a range of
plant genera and the varying fire intensities
that are experieneed in the field is necessary. In
managing fire-prone eommunities, decisions
affecting the fire intensity experieneed at a
particular location will directly impinge on the
heat flux reeeived by seeds in the soil. It is
necessary to know how such decisions may
influence the post-fire composition ofthe flora
and to make management decisions accord-
ingly.

This study examined the effect of heat on
germination in 35 species from 15 genera m the
Fabaceae from southeastern Australia. These
data, combined with data on soil temperatures
during simulated fires (Auld 1986b), ean then
be used to predict the potential reeruitment of
species in these legume genera under two fire
intensities.

Methods

Study speeies and sites

The 35 species studied (Table 1) are shrubs
(0.5-4.0 m high), climbers or creepers,
comprising a component of the understorey
(woodlands, forests) or dominants (heaths) of
sclerophyll vegetation in southeast Australia.
Little published information is available on
whether these species are killed by fire or re-
sprout and how this varies under differing fire
intensities or in relation to plant age, size, site
conditions etc. While some speeies have been
observed to resprout from buried rhizomes
(Table 1), the remaining speeies are probably
all killed by fire of most intensities (D, Keith,
pers, comm.), independent of their size and
age. All species produce mature fruits from
November to January, after which seeds are
released on to the soil surface.

Study sites were located near Sydney
(33°53'E, 15r i3 'S) in open-heath to open-
forest (Specht 1970) on soils derived from
Hawkesbury Sandstone. Four of the study
species were sampled from two geographically
distinct populations (Aeaeia myrtifolia, A.
suaveolens, A. terminalis and A. ulicifolia),
hereafter called population 1 and 2 re-
spectively, for each speeies. The remaining
species were sampled from one population
only. Additional populations were sampled for
control germination estimates in 3 species,
Bossiaea stephensonii (1 site), Pultenaea lino-
phyllail site) and P. polifoUa (2 sites). Annual
precipitation for the study region is around
1300 mm. The average monthly maximum/
minimum temperatures for Sydney are
26/18°C in summer and 16/8°C in winter.

Seed eolleetion and laboratory heating of
seeds

Field collections of seeds for each study species
were made during November, December and
January of 1985/6, except for A. suaveolens
population 1 (coUeeted in 1979 and subse-
quently stored in envelopes in the laboratory).
Several hundred ripe fruits were colleeted from
as many plants as possible in each population.
In the laboratory, intact seeds were extracted
and stored in envelopes at room temperature.
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TABLE I. Mean seed weight, seed viability and non-dormant seed fraction for all study species (±s .e . )

Species/site

Acacia elongata
A. linifolia
A. longifolia
A. longissima
A. myrtifolia (1)
A. myrtifolia (2)
A. suaveolens (1)
A. suaveolens (2)
A. terminaiis (1)
A. terminalis (2)
A. ulicifolia (1)
A. ulicifolia (2)
Aotus ericoides
Bossiaea heterophylla
B. obcordata
B rhombifolia
B. stephensonii
B. stephensonii'^
Daviesia alata
Dillwynia brunioides
D. floribunda
D. retorta
Glycine clandestina
Gompholobium glabratum
G. grandiflorum
G. minus
Hardenbergia violacea
Kennedia rubicunda
Mirbelia platyloboides
Phyllota phylicoides
Platytobium formosum OR
P. formosum BL
Pultenaea daphnoides
P. flexilis
P. glabra
P. incurvata
P. linophylla
P. linophylla^
P. polifolia
P polifolia^
P. polifolia^
P. stipularis
Sphaerolobium vimineum
Viminaria juncea

Mean seed weight
(mg)

7.4(0.2)
23.0(0.8)
13.6(0.6)
12.4 (0.4)
9.6 (0.4)
8.5(0.3)

32.1 (0.8)
30.8 (0,7)
36,2(1,2)
37,8(1,3)
11,0(0,4)
18,2 (0,4)
5.1 (0.1)

16.5(0.5)
3.2(0.1)

11.8 (0.3)
4.0(0.1)

4.9 (O.I)
3.0(0.1)
1.9 (0.1)
5.5 (0.2)
4.2 (0.1)
2.1 (O.I)
3.5 (0.2)
2.6(0.1)

22.0(0.5)
24.4 (0.7)

7.1 (0.2)
2.6(0,1)

10,6(0,3)
10,4 (0,4)
4,3 (0,1)
4,9 (0,1)
3,7(0,1)
1.4 (0.1)
5.3(0.1)

2.4(0.1)

9.4 (0.3)
1.0(0.0)
6.4(0.2)

Viability of seed
lot (%)

98.1 (0.6)
97.2 (0.6)
97.3 (0.6)
99.1 (0,4)
99,7 (0,2)
98,1 (0,6)
99,7 (0,2)
98,7 (0,6)
95,2(1,1)
97.9 (0.7)

100
100
95.2 (0.9)
86.3 (2,4)
99,0 (0,4)
99.9 (0.1)
69.1 (2.3)

100
99.5 (0.3)
95.7 (0.8)
99.2 (0.4)
97.7 (0.6)
99.6(0.2)
98.8 (0.4)
98.7 (0.4)
97.4 (0.6)
99,1 (0,4)
98,6 (0,5)
92,1 (1,2)
99,5 (0.3)
90,5 (1,4)
94,0 (1,1)
97,4(0,7)
98,7 (0,4)
98,5 (0,6)
99,8 (0,2)
99,2 (0,4)

100
90,0 (1,4)

too
too
98.9(0.5)
98.4(0.4)
99.5 (0.3)

Non-dormant
seed fraction (%)'

8.8 (1.4)
9.4 (1.2)
9.2 (1.3)
5.0(1.1)
4.8 (1.5)
4.1 (1.0)
6.4(1.3)
0
8.4 (1.4)

19.1 (1.8)
4.4(1.0)
0

16.7 (2.7)
8.5(3.1)
8.6 (2.0)
6.7(1.8)

12.5(2.0)
18.3(5.0)
0
5.9(1.7)

12.3(2.0)
23.1 (2.6)
4.2 (0.9)
5.5(2.4)

30.3 (4.9)
19.1 (4.2)
5.4(1,1)
3,8 (0,9)

13,6(1,9)
3.4(1.9)
0
3.3(3.3)

32.2(4.9)
20.5 (2.3)
16.4 (3,0)
7,9(2,9)

29,2 (4,8)
9,5 (3,7)

58,9(3,6)
10,5 (4,1)
19,0(5,2)

1.1 (1.1)
36.3 (5.1)
2.3(0.8)

Probable fire
response

FS
FS
FS
FS
FS
FS
FS
FS
FS
FS
FS;R?
FS;R?
R
FS;R?
FS;R
R?
R?
R?
R?
FS?
FS
FS
R
R
FS;R?
R
R
R
R
R
R
R
FS
FS
FS
FS
FS
FS
FS
FS
FS
FS
FS;R?
FS

'Used as correction factor. ^Extra sites for these species. FS: fire sensitive. R: resprouter. OR: orange seed form. BL: black
seed form.

Mean seed weight was calculated from a
sample of 30 seeds per species per site.

The effect of a range of temperatures and
durations of heating on seed germination were
examined in the laboratory. Six temperature
levels were examined: ambient room (control),
40, 60, 80, 100 and 120°C, factorially
combined with six durations of exposure: 1, 5,
10, 30, 60 and 120 min. Thirty seeds were

tested for each combination of temperature
and duration, A small volume of air-dried soil
from the field was enclosed in aluminium foil
and preheated in an oven to the desired
temperature. Once preheated, the soil was
removed from the oven and seeds added, A
thermometer placed in the soil was used to
monitor the soil temperature. After exposure
in the oven for the required time, seeds were
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extracted from the soil using a sieve (mesh
2X2 mm) and allowed to cool. Individual
seeds were then placed on Whatman grade 2
filter paper moistened with distilled water in
9 cm diameter petri dishes. Germination was
followed for 4 weeks, after which all unger-
minated seeds were scarified and allowed to
germinate in order to estimate the viability of
the seed lot used, Ungerminated seeds were
tested for viability using the tetrazolium test
(Lakon 1949),

As seed numbers were limited, replication of
additional batches of 30 seeds across all
temperature/duration combinations was not
possible. However, the germination data were
binomial (germination vs no germination) and
the largest variation in samples occurs at
/'=0,5, 50% germination (Snedecor &
Cochran 1967), Consequently, replication was
done where the initial experiment yielded a
percentage germination value close to 50%,
Additional replication was done in those
species which showed some germination in the
control to give a reliable control germination
estimate. This was not possible for P. polifolia
and Dillwynia brunioides, where insufficient
seed was available for such replication.
Appendix 1 lists the level of replication across
species for each temperature and duration. For
P. glabra, a rare and threatened species (Briggs
& Leigh 1989) and B. heterophylla, seed was
limited. Consequently, for P. glabra, the
following treatments were not performed: 40°C
for 1, 5, 10 and 30 min and UO'C for 30. 60
and 120 min. For B. heterophylla, suflicient
seed was available for only a few treatments:
control, 60°C for 5, 30 and 60 min, and 80°C for
5 min, 100°C for 5 and 60 min. For Harden-
bergia violacea, additional treatments of 90°C
for 5, 30 and 60 min were done after the initial
heating trials because ofthe poor response. For
Platylobium formosum, two colour forms of
seeds existed and both forms can be produced
in the one fruit. These were treated separately
in the heating trials,

Non dormant (soft seeds) released into the
field were assumed to have either germinated
or decayed prior to the occurrence of a fire.
Hence, data were corrected for soft seeds using
the control data (ambient room temperature
germination) and all values from the 40, 60 and
80°C treatments that were not significantly
different from the control. Comparisons were

made via a logit linear model (MeCullagh &
Nelder 1983), Data were excluded where seeds
were killed in a treatment: the 100, 120 and
some 80°C temperature treatments. In addi-
tion, the germinating fraction of seeds were
corrected for any inviable seeds in each seed lot
to standardize results across species, A logit
linear model was fitted to compare germina-
tion levels across species and sites within
species.

The patterns of germination response across
species were examined using ordination tech-
niques. The PATN package (Belbin 1987) was
used with a gower metric association matrix
and multi-dimensional scaling (MDS) to
ordinate species in relation to germination at
different temperatures and durations. Data
were standardized by proportioning each ger-
mination value to the maximum germination
value for each species respectively. In addition,
subsets of data were run through the same
analysis to determine the minimum data set
that needed to be examined to give patterns
comparable to the full data set.

Data from Auld (1986b) were used to repre-
sent the soil temperatures experienced below
simulated 'cool' and 'hot' fires. The relation-
ship between this simulated burn data and real
fires has been discussed by Auld (1986b),
These 'cool' and 'hot' burns most resemble
fires at the top end ofthe low intensity fire scale
(<500 kW m-1), and fires of moderate (1500
kW m- ' ) intensity (after Cheney 1981),
respectively.

Seed germination levels from the laboratory
were eombined with the expected field soil
temperature data to give predictions of the
percentage of the seed bank that is likely to
germinate after a fire of either low or moderate
intensity. To do this, germination was es-
timated for each replicate low or moderate
intensity burn at each soil depth by: (i) es-
timating the amount of time, in 30 second in-
tervals, that each soil depth experienced a par-
ticular temperature; and (ii) subsequently
reading off the corresponding predicted ger-
mination value for each species/site from the
laboratory heating data, A mean (± standard
error) percentage germination was then cal-
culated for each soil depth.

Predicting germination levels for the whole
seedbank requires data on the distribution of
seed in the soil profile for each species. Such
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data are not available. However, as an ap-
proximation, the data of Auld (1986a) on the
distribution of Aeaeia suaveolens seeds in the
soil were assumed to apply to the species
studied here. Auld (1986a) found that seed was
distributed evenly within each depth range:
0-5 cm (64.5% of seed), 5-10 cm (20.0% of
seed) and > 1 0 c m (15.5% of seed). Hence,
predicted germination levels for the whole
seedbank were estimated by summing the per-
centage of seeds germinating at each depth as a
proportion ofthe number of seeds available at
each depth.

Results

Comparisons between species

Viability in the seed lots used for species
approached 100% (Table 1), except the B.
stephensonii seed lot used in the heating trials,
which had 69% seed viability (Table 1). This is
not a general trend in this species, as a second
population yielded 100% seed viability (Table
1). No explanation can be proposed to explain
this difference. The non-dormant seed fraction
varied markedly (Table 1). independent of
plant genera, study site and seed weight.

For all species, germination was increased
significantly over the control by at least some
heating treatments (Fig. 1). The temperature
seeds were exposed to had a major effect on the
proportion of seeds having their dormancy
broken, and hence on eventual germination.
Although significant germination differences
existed between species, the broad type of
response was similar (Fig. 1). Major differ-
ences were: the magnitude of the germination
response (A. linifolia vs other spp.); the point
where germination first occurs; and the point
where seeds are killed by the heating treatment.
At 40°C, 8 species gave germination levels,
averaged across durations, greater than or
equal to 25%; Pultenaea daphnoides (56%), P.
ineurvata (30%), P. linophylla (87%), P.
stipularis (59%), Sphaerolobium vimineum
(25%), Gompholobium glabratum (31%), G.
grandiflorum (47%) and G. minus (36%). The
remaining species showed little or no germina-
tion at 40°C. Duration was largely unimportant
at 40°C and where significant differences in
germination occurred, either no clear patterns

emerged (Gompholobium spp.) or there was
increased germination with increasing dur-
ation of exposure {P. stipularis). In P. glabra,
there was no germination in the two duration
treatments tested at 40°C (60, 120 min) and it
is implied that germination is not promoted at
this temperature, independent of duration of
heating.

Species showing significant germination at
40°C had significantly higher germination
levels at 60°C. In addition, 15 other species also
had germination levels greater than or equal to
25% at 60°C (Fig. 1). Bossiaea heterophylla
showed high germination levels at 60°C (92-
100%). Duration of heating had virtually no
effect on germination levels for these species.
Most species (e.g. Pultenaea spp.) which gave
significant germination at 60°C showed
germination levels equivalent to the maximum
obtained in any temperature treatment.
However, several species (Bossiaea spp., D.
brunioides. Aotus erieoides, S. vimineum) had
significantly less germination at 60°C than at
higher temperatures.

All species showed highest germination
levels at 80°C, except for Hardenbergia
violacea and S. vimineum, which had signi-
ficantly higher germination at 90°C and 100°C
respectively (Fig. 1). For some species,
duration influenced germination levels, while
for others a high level of germination was
maintained across all sampled durations.
There was a trend towards increasing germina-
tion with duration of exposure at 80°C in B.
obcordata, D. brunioides, Glycine elandestina,
H. violaeea, Kennedia rubieunda, Mirbelia
platyloboides and Viminaria funcea.

Germination was also high at 100°C, al-
though for 9 species (B. heterophylla, B.
obeordata, B. rhombifolia, D. retorta, Glyeine
elandestina, H. violaeea, K. rubieunda, M.
platyloboides and Pultenaea stipularis) long
durations yielded significantly lower germina-
tion than short durations, as seeds were killed
by the treatment. In D. brunioides at 100°C,
there was increased germination at longer
durations (30 and 60 min) over 1 min
durations, while at the longest duration
sampled (120 min), there was a decrease in
germination due to seed death.

At IIO'C, germination was reduced com-
pared with the 60, 80 and 100°C levels, as this
heating treatment was lethal to seeds (tetra-
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FIG. 1. Mean proportion of seeds germ mating in response to a range of temperatures and durations for 35 legume species. Data
adjusted for non-dormant and inviable seeds (see text). Species are: \) .-icacia elongata. 2) .4. linilolia: i) .4. iongifoiia:
A)A. longissttna. 5)-J inyrtifolia {])': d),-). myrtifolia (2)\ 1).4. stiaveotens (\)'. 8).-l, suaveolens (1). 9).-i. tcrtiunalis[\Y:
10).-]. termitialis {2): I 1).-1, uluilolia (I)". I2).-1. ulicifolia (2) ; \},) .-iotns encoidcs\ 14) Bossiaea obcofdata; 15) B. rhotnbtiolia.
16) B. stephensonii: \1) Davie^ia alata. \i) Dillnynta brunioules. \9) D. florihunda: 20) D. retorta: 2\)Glyeine clandestina.
22) Gotnphotobium glabratum: 2i) G. giandilloruni. 24)G.niinus\ 2i) Hardenbergia riolaiea. 26) Ketmedia tubicunda.
27) Mirbelia ptatyloboides: 28) Phyllota phylicoides: 29) Ptatytobiuni foniiosuni O R ' ' ; 30) Platylobtum ionnosutn %\fi:
yX) Pultenaea daphnoides: 32) f tie.xilts: 3^) P. glabia: ?4) P meurvala: ?>5) P linophylla: T^b) P. poll folia: 31) P. sttpularis:
38) Sphaerotohium viniiiieum: 34) I'liniinnia tiouea. •'There were 2 study sites for each of these species. ^'OR: orange seed form;
BL; black seed form.

zolium test results; Fig. 2). In both the 80 and
100°C treatments, a component of seeds was
also killed, while the remainder which failed to
germinate were viable and dormant, as were
ungerminated seeds exposed to lower tem-
peratures (Fig. 3). In most species, at 120°C

there was no germination or germination only
at the 1-minute duration, while for 7 species {A.
inyrtifolia, Pultenaea daphnoides, P. ineurvata,
P. littophylla. P. polifolia, D. jloribunda and S.
vimineutn) there was some germination at this
temperature treatment, although the response
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was very variable. For P. glabra. all seeds were
killed at 120°C for 5 and 10 minute treatments
and it is assumed that longer durations would
also be lethal to seeds of this species at
120°C,

Germination follows a characteristic re-
sponse curve. At low temperatures, inde-
pendent of duration, germination is absent or
low. Increases in temperature cause rapid
initial rises in germination up to a constant
level. The effect of changing temperature far
outweighed that of changing duration. The

temperature required to initiate germination
in a species was usually 60 or 80°C, although
occasionally a species responded at 40°C, At
the highest temperature examined (120°C),
germination declined and most seeds which
failed to germinate at this temperature were
killed (Eig. 2),

Comparison within species: Acacia

Where seeds of a species were available from
two sites, significant site/temperature/dura-



60 T. D. Auld and M. A. O'Connell

17

tion interactions were found for all species
(/'<0.005). At 40°C, germination was virtually
nil for all species/sites (Fig. 1). At 60°C, there
was no germination of seeds from both
populations of .J. terminalis and A. ulieifolia,
while for A. suaveolens and A. myrtifolia, there
was germination of seeds from population 1
but not population 2. Maximum germination
in A. suaveolens population 2 was significantly
less than that of population 1, although both
populations showed peak germination at 80°C
and 100°C. There was no difference in ger-
mination of.4. myrtifolia seed between popula-

tions at 80°C and 100°C. In A. uUetfolta, seeds
from population 2 required a longer duration
of heating at 80°C and 100°C to begin
germination than seeds from population 1,
even though higher germination levels were
reached in seeds from population 2. In A.
terminalis, germination was higher after short
durations of heating (1 and 5 min) at 80°C for
population 1 than population 2, although no
differences existed at longer durations. A
similar pattern existed at 100°C for short
durations. However, at 30, 60 and 120 minute
durations mortality differed significantly
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1
O

between populations (Fig, 1), At 120°C, all
seeds were killed in A. suaveolens. A. ulicifolia
and A. terminalis.. except at the 1-minute
duration. In A. myrtifolia, seeds from popu-
lation 1 showed higher germination than those
from population 2, where most seeds were
killed.

Ordination

The ordination of the full data set (Fig, 4)
basically separated species according to the
minimum temperature required to break seed

dormancy. However, those species with sig-
nificant germination at 40°C were themselves
split into 3 groups as follows: (i) Pultenaea
daphnoides and P. finophylla. with the highest
germination at 40°C, as well as greater than
50% germination at 120°C and together
forming a separate group (Fig, 4); (ii) S.
vimineum also with a broad germination
response curve (Fig, 1), although with a ger-
mination response significantly less than the
two Pultenaea spp, in (i) at 40°C and signifi-
cantly greater at 120°C; and (iii) the remaining
species with greater than 25% germination at
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40°C, lymg close to those species which had
significant germination beginning at 60°C. The
lack of distinction here probably reflects the
variability in response of these species at 40°C
and 120°C.

Three species, .A. myrtifolia population 1, B.
stephensotiii and D. brttnioides, lie between
groups (i)-(iii) and those species that require
temperatures of at least 80°C to promote
germination (although each is assigned to
either its own group or the 60 or 80°C group in
Fig. 4). All these species showed 20-50% ger-

mination in the 60°C treatment. .Acacia
myrtifolia is further isolated as it showed sig-
nificant germination at 120°C. The species
with most restricted germination curves lie in
the lower left of the ordination. It is these
species that are best suited to being indicator
species.

Similar ordination patterns could also be
obtained by using subsets of the data. Using
any one duration treatment across all tem-
peratures gave a result comparable to the full
data set (Fig. 5). Using any one of the tem-
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OVJ<»

FIG. 2. Average propotiion of seeds killed in each
temperature/duration treatment, for all speetes combined.

FIG. 3. Proportion of seeds remaining in innate dormancy
after each temperature/duration treatment, tor all species
combined.
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FIG. 4. Ordination of full data set. Group divisions from
DEND in PATN (Belbin 1987). Numbers correspond to
species listed in Fig. 1.
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FIG. 5. Ordination of 10-minute duration data only. Groups
from Fig. 4. Numbers correspond to species listed in
Fig. I.

perature treatments across durations high-
lighted species which germinated at each par-
ticular temperature.

Predicted germination under simulated burns

In low intensity fires, temperatures greater
than 40°C are reached only in the upper 2 cm of
the soil profile (Fig. 6). while temperatures of
60-70°C occur for only a few minutes at 1 cm
depth. In moderate intensity fires (Fig. 7) there
is a much greater flux of heat down the soil
profile. Temperatures above 6O''C are ex-
perienced down to 4 cm depth and tem-
peratures above 80°C to 2 cm depth. Predicted

FIG. 6. Duration of heating in the soil under simulated low
intensity burns, for all replicates pooled. Data from Auld
(1986b).
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FIG. 7. Duration of heatmg in the soil under simulated
moderate intensity burns, for all replicates pooled. Data
from Auld (1986b).

germination after such fires, given the as-
sumptions relating to the distribution of seeds
in the soil profile, showed that moderate inten-
sity fires should promote more germination
than low intensity fires for all species/sites
(Table 2),

Discussion

There was a strong germination response to
heating in all study species except A. linifolia
(Fig, 1), In this species, highest germination
occurred under the same treatments as in the
other species, but the magnitude of germina-
tion was much lower. This is not the result ofa
low level of seed viability, as all data were
corrected for inviable seeds. An alternative
explanation may be that some factor other than
heat (e,g. charred wood; Keeley 1987) may be
required to break seed dormancy in this
species. This is unlikely, because the mechan-
ism of dormancy in,4. linifolia, and Aeaeia spp.
m general, is mechanical (hard seed coat;
Cavanagh 1980), A significant increase in
germination at 80°, 100°C (several durations)
and 120°C (1 min duration) over the control,
40 and 60°C treatments occurred in A. linifolia,
indicating that heating stimulates germi-
nation. However, the range of treatments may
have been insufficient to detect the optimal
germination treatment for .4. linifolia (e.g,
optimal germination may be at 70 or 90°C),
This was shown to occur for H. violacea, where
additional seeds were available to examine a
90°C temperature treatment (Fig. 1),

For all species/sites the effect ofthe duration
treatment was small compared to the tem-
perature treatment, except where seeds were
killed by the treatment, Cavanagh (1980) has
suggested that the strophiole is the area where
seed dormancy is initially broken in Aeaeia and
these data suggest that there may be an abrupt
rupturing of the cells in the strophiole at
exposure to a given temperature, independent
of duration. This would imply that, for seed in
the soil, the temperature reached during the
passage ofa fire is more critical than the length
of heating, at least for temperatures up to and
including 100°C, At higher temperatures,
duration plays a more important role. For
example, at 120°C, seeds of most species can
survive only very short durations (Fig, 2).

There was no change in the germination
pattern for ,4. .suaveolens seeds (population 1)
stored in the laboratory for 5 years (cf, Auld
1986b), However, differences may exist
between populations of seeds both within and
between species. Within species, most of the
variation between populations was small and
the same pattern of germination was present in
each population. Where larger differences
occurred, the results for one population tended
to fall within the range of the other. Seeds from
population 2 o( A. sitaveolens had a narrower
germination range than those from population
1, even though both populations showed maxi-
mum germination at the same treatments. The
differences may have an important effect on
seedling recruitment following fires of varying
intensity (Table 2),

Comparisons between species also indicated
a general area of overlap for all species, at 80
and 100°C, Comparable data from other
Aeaeia spp, are limited, Floyd (1966, 1976)
found that optimum germination in seven
Aeaeia spp, from the east coast of Australia was
either 70°C (6 species) or 50°C (1 species),
although insufficient data were presented to
determine the range of temperatures where
germination was high, A 70°C treatment was
not examined here, so direct comparisons
cannot be made. Differences may reflect alter-
native methodologies (moist vs air-dried soil
used to incubate seeds) or variations in ger-
mination requirements. However, both studies
indicate a common area of relatively high
germination for most study species. The one
species with optimal germination at 50°C, A.



Fire and legume gertyunation 65

faleata, does not fit this pattern. Seeds of this
species would be killed at temperatures which
are optimal for germination in other Acacia
species (Floyd 1976. this study). Shea et al.
(1979)and Christensen et al. (\9i\) reported a
similar germination pattern to this study for
five Aeaeia species in Eucalyptus forests of
southwestern Western Australia. However,
their replication across temperature and
duration was limited. One species..-!, pulchella,
showed good germination even at high temper-
atures (up to 150°C for durations < 2 min) and
may be similar to A. myrtifolia population 1
(Fig. 1).

For most .Acacia spp. studied, a common
range of temperature/duration combinations
will promote germination. As a consequence a
single fire intensity, or small range of in-
tensities, may be favourable for the promotion
of germination in the majority of .-Icacia
species in Australia, at least in coastal forest,
woodland and heath communities. Further
work on seed distributions in the soil is needed
to test this idea. Fxceptions exist (e.g. .4.
faleata) but at present these appear to be
few.

Jeffery et al. (1988) examined the effect of
dry heat on germination on two native legumes
from South Africa and two .Acacia spp.
introduced from Australia. .Aeaeia saligna
showed a pattern of germination similar to that
reported here — maximum germination at 80
and 100°C, while A. cyclops showed little
response to heating, a result that could not be
explained. Both indigenous species showed
peak germination at 80 or 100°C. although one
species also had good germination at 60°C (cf.
many species in this study). The magnitude of
germination, however, differed greatly, with
one species showing a poor response (c.f. .A.
linifolia in this study). Heat-stimulated
germination has also been reported in other
legumes (Martin et al. 1975) and non-legume
species (Keeley 1987) but no comparable
studies of their germination response across a
range of temperatures and durations have been
made.

The ordination highlighted the patterns in
the data and allowed assessment of the mini-
mum data set required to illustrate patterns.
Consequently, sampling at only one duration

( across the range of temperatures would
produce results comparable with sampling a

range of durations. This has implications for
examining additional species. Where a species
is rare and/or seed supply is limited, sampling
at one duration only for a range of tempera-
tures would greatly reduce the numbers of
seeds required, in addition to reducing the
time taken to do the work. Hence, a greater
number of species could be tested.

Given equivalent post-fire moisture condi-
tions, average germination in all species/sites
after a moderate intensity fire is expected to
exceed that after a low intensity fire (Table 2).
After a low intensity fire, the predicted
proportion of seeds in the seedbank stimulated
to germinate is very low (Table 2), in all species
with the narrowest germination response
curves. In .A. elongata, zero germination was
predicted. After a moderate intensity fire, the
predicted proportion of seeds germinating was
still low for many species, although there was a
marked increase over the predicted levels for a
low intensity fire. This in part reflects the fact
that about one third of the soil seed bank is
assumed to be below 5 cm in depth and so
largely unaffected by such a fire. High
germination levels should be largely confined
to the top few centimetres ofthe soil (Table 2).
This prediction could be examined by
sampling emergent seedlings after the passage
of wildfires and quantifying the depth of
emergence of such seedlings by the technique
of Ashcroft and Murray (1979). Published data
(Shea et al. 1979; Monk et al. 1981; Auld
1986b) indicate that after moderate intensity
fires, most seedlings emerged from 0 to 3 cm
depth, in agreement with the predictions made
in Table 2. Given the large number of seeds
that may build up in a soil seed bank (e.g.
2,0X10'' seeds, 10 years after fire in A.
.suaveolens; Auld 1987), germination of even a
small proportion of seeds may be sufficient to
replace the above-ground plants. Individual
losses in emergence and early seedling survival
will then determine how many plants reach
maturity and contribute to the replenishment
ofthe buried seed bank. After the passage of a
low intensity fire, seeds in the soil below 1 cm
may remain available for germination should a
hotter fire occur. After a moderate intensity
fire, no germination would be expected in a
subsequent low intensity fire unless the seed
bank had been replenished. For this to happen,
the site would have to remain unburnt for an
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TABLE 2. Predicted germination levels under two fire intensities for a range of soil depths. Replicates are number of data
points for eaeh soil depth in each of two fire intensities

Species/site

.-). etongahi
L
M

A. iinitotia
L
M

.4. iongifotia
L
M

.-i. iongissinia
h

M
.4. myriifotia (1)

L
M

A. myrlifoiia (2)
L
M

.4. suaveoien.s (1)
L
M

.4. suaveoiem (2)
L
M

.4. term mails (I)
L
M

.4 terminaiis (2)
L
M

A. uiicifoiia {1)
L

M
A. uiutjoita (2)

L
M

Aoliii ericoides
L

M
Bossiaea cbcordata

L

M
B rhotnhiloho

L

M
B. .\tepliensonu

L
M

Daviestd alaia
L
M

DtUwytiia hrunioidt
L

M
D. liorihunda

L

M
D. reloria

L

M
Giycine dandeslina

L

M

1 cm

0
14.2 (14.2)

2.0(0)
6.3 (6.3)

1.2 (0)
1 1.6 (11.6)

1.7 (0)
14.1 (14.1)

24.1 (0)
60.5 (2.9)

3.0 (0)
25.3 (13.1)

8.3(0)
16.1 (16.1)

76.0 (0)
37.8 (37.8)

8.5 (0)
27.8(27.8)

6.3 (0)
16.5 (16.5)

1.7(0)
1 I.I (1 I.I)

4.4(0)
14.5 (14.5)

87.1 (0)
34.8(34.8)

12.7(0)
27.7(24.0)

61.7 (0)
26.8(26.8)

34.5 (0)
22.9 (22.9)

89.4 (0)
33.4 (33.4)

'.S

26.9 (0)
51.7(33.1)

98.0(0)
45.6 (31.'))

95.3 (0)

33.2(33.2)

3.4 (0)
19.3 (19..1)

2 cm

0
111 (3.7)

0.6 (0)
6.7 (1.6)

1.2(0)
15.3(4.7)

1.7(0)
13.9(4.0)

4.6(0)
42.2 (6.0)

0
26.6 (7.9)

0
8.3 (0)

0.6 (0)
77.5 (0.5)

0
54.9 (15 5)

0
11.3(1.7)

1.7 (0)
8.6(2.3)

0.6 (0)
38.6 (11.4)

7.2(0)
96.8 (3.2)

1.3(0)
50.4(12.6)

1.2(0)
77.0(5.1)

3.4 (0)
55.5 (7.0)

4.5 (0)
95.0(1.9)

1.8(0)
51.2 (8.1)

2.6(0)
99.5 (0.5)

5.2 (0)
95.5 (O.I)

1.2 (0)
22.8 (6 5)

3 cm

0
0

0
2.0 (0)

0
1.2(0)

0
1.7(0)

0
24.1 (0)

0
3.0 (0)

0
8.3 (0)

0
83.0 (0)

0
8.5 (0)

0
6.3 (0)

0
1.7 (U)

()
4.4 (0)

0
87.1 (0)

0
12.7 (0)

0
61.7 (0)

0
34.5 (0)

0
89.4 (0)

0
26.9(0)

0
98.0 (0)

0
95.3 (0)

0
3.4 (0)

% Germination ( ± s.e.)
4 cm

0
0

0
1.3(0.3)

0
1.2(0)

0
1.7(0)

0
14.4 (4.4)

0
1.5 (0.7)

0
4.2 (1.9)

0
40.6(17.9)

0
4.3 (1.9)

0
3.2(1.4)

0
1.7 (0)

0
2.5 (0.9)

0
47.2 (17.9)

0
7.0 (2.6)

0
31.5 (13.5)

0
19.0 (7.0)

0
46.9 (19.0)

0
14.4 (5.6)

0
50.3 (21.3)

0
50.2 (20.1)

0
2.3(0.5)

5 cm

0
0

0
0.6 (0.2)

0
1.0(0.2)

0
1.4(0.3)

0
7.6(4.2)

0
0.6(0.6)

0
1.7(1.7)

0
15.5 (15.1)

0
1.7(1.7)

0
1.3(1.3)

0
1.4 (0.3)

0
1.2 (0.8)

0
20.3 (15.0)

0
3.0(2.1)

0
11.8 (10.9)

0
8.5 (6.0)

0
20.7 (17.4)

0
5.1 (3.8)

0
21.2 (9.5)

0
21.3 (17.5)

0
1.4 (0.6)

6 cm

0
0

0
0.2 (O.I)

0
0.5(0.3)

0
0.7 (0.4)

0
1.8 (1.1)

0
0

0
0

0
0.2 (O.I)

0
0

0
0

0
0 7 (0.4)

0
0.2 (0.1)

0
2.9(1.8)

0
0.5 (0.3)

0
0.5 (0.3)

0
1.4(0.8)

0
1.8 (1.1)

0
0.7 (0.4)

0
1.0(0.6)

0
2.1 (1.3)

0
0.5 (0.3)

7 cm

0
0

0
0.1 (O.I)

0
0.3 (0.3)

0
0.3(0.3)

0
0.9 (0.9)

0
0

0
0

0
0.1 (0.1)

0
0

0
0

0
0.3 (0.3)

0
0.1 (O.I)

0
1.4 (1.4)

0
0.3 (0.3)

0
0.2 (0.2)

0
0.7(0.7)

0

0.9(0.9)

0
0.4 (0.4)

0
0.5(0.5)

0
1.0(1.0)

0
0.2 (0.2)

-^i cm

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0

0

0

0

0

0

r\
u
0

Total seed
bank*

0
3.3

0.3
2.2

0.3
4.0

0.4
4.3

3.7
19.3

0.4
7.3

1.1
5.0

9.9
32.9

I.I
12.5

0.8
5.0

0.4
3.2

0.6
7.9

12.2
37.1

1.8
13.1

8.1
27.0

4.9
18.2

12.1
36.9

3.7
19.3

13.0
40.6

13 0 't
38.2 ;

0.6
6.4
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TABLE 2. Continued

Species/site 1 cm

Gomphoiohium giabralum
L
M

G granditlorum
L
M

G. minus
L
M

97.0(0)
36.9 (36.9)

86.3 (0)
26.2 (26.2)

83.2 (0)
29.5(29.5)

Hardenbergia viotaeea
L
M

1.1 (0)
5.8 (5.8)

Kennedia rubieunda
L
M

1.7(0)
26.4 (26.4)

Mirbeiia pialytoboides
L
M

10.2(0)
7.0(7.0)

Piiyttota phyiicoides
L
M

94.8(0)
35.1 (35.1)

Pialyiobium formosum OR
L
M

P. formosum BL
L
M

92.7(0)
29.5 (29.5)

87.7(0)
29.2 (29.2)

Puitenaea daptinoides
L
M

L
M

P giabra
L
M

P. mcurvata
L
M

P. itnophyita
L
M

P potlfoiia
L
M

P slipuiaris
L
M

100.0(0)
82.2 (12.1)

95.1 (0)
36.8 (36.8)

98.0(0)
35.4 (35.4)

98.2(0)
58.7(19.6)

100.0(0)
68.8 (28.1)

91.3(0)
50.0(11.1)

97.2 (0)
32.3(32.3)

Spiiaerolobium vimineum
L
M

Viminaria juneea
L
M

Replicates
L
M

65.5 (0)
93.4 (1.2)

1.7(0)
42.9 (42.9)

3
2

2 cm

30.8 (0)
99.3 (0.8)

46.7 (0)
93.0(2.2)

35.6 (0)
82.8 (0.2)

1.1 (0)
65.8 (21.2)

1.7 (0)
52.9(12.0)

0
10.4 (0.1)

9.7(0)
96.2 (0.5)

12.3 (0)
98 2 (1.8)

12.8 (0)
96.9 (3.1)

55.7 (0)
96.3 (1.3)

1.8 (0)
98.8 (1.2)

0
99.5 (0.5)

35.5 (0)
99.6 (0.5)

91.4 (0)
100.0 (0)

4.2 (0)
97.8 (2.2)

40.0 (0)
96.8(0.1)

24.9(0)
79.8 (4.4)

0
18.5(5.6)

4
4

3 cm

0
97.0 (0)

0

86.3 (0)

0
83.2 (0)

0
2.3 (0)

0
1.7 (0)

0
10.2 (())

0
94.8 (0)

0
92.7 (0)

0
87.7 (0)

0
100.0 (0)

0
95.1 (0)

0
98.0 (0)

0
98.2 (0)

0
100.0 (0)

0
91.3 (0)

0
97.2(0)

0
66.5 (0)

0
1.7 (0)

3
4

% Germinati
4 cm

0
63.9 (14.8)

0
66.5 (8.9)

0
59.4 (10.6)

0

2.3 (1.2)

0

1.7 (0)

0

5.1 (2.3)

0
52.3 (19.0)

0

52 5 ( 1 8 . 0 )

0

50.3 (16.8)

0

77.9 (9.9)

0
48.5 (20.9)

0
49.0 (21.9)

(1

66.4 (14.2)

0
95.7 (1.9)

0
47.8 (19.5)

0
76 .4 (11 .6 )

0
45.7 (9.3)

0
0.9 (0.4)

7
6

on ( ± s.e.)

5 cm

0
37.8 (15.8)

0
46 1 (14.3)

0
38.8 (13.9)

0
O.K (0.2)

0
1.4 (0.3)

0
2.0 (2.0)

0
25.1 (18.0)

0
26.6 (17 6)

0
26.3 (16.9)

0
53.4 (15.9)

0
20.3 (18.9)

0
19.2 (19.2)

0
40.7 (16.3)

0
74.8 (18.8)

0
2 1 . 6 ( 1 8 . 5 )

0
71 .4 (17 .9 )

0
2 8 . 2 ( 1 0 . 7 )

0
0.3 (0.3)

5
5

6 em

0
12 .3(7 .5 )

0

18 .7 (1 1.4)

()

14 .2 ( 8 . 7 )

0

0 . 4 ( 0 . 3 )

0

0.7 (0.4)

0
0

0
3 .9 (2 .4 )

0
4.9 (3.0)

0
5.1 (3.1)

0

22.3 (13.6)

0
0.7 (0.4)

0
0

0
14.0 (8.6)

0
36.6 (22.4)

0
1.7(1.0)

0

16.0 (9.8)

0

10 .0 (6 .1 )

0
0

4
5

7 cm

0
6.2 (6.2)

0

9 3 (9.3)

0

7.1 (7 1)

0

0.2 (0.2)

0
0 . 3 ( 0 . 3 )

0
0

0
1.9 (1.9)

0
2 5 ( 2 . 5 )

0
2 .6 (2 .6 )

0
1 I.I (1 I . I )

0
0.4 (0.4)

0
0

0
7.1 (7.1)

0
1 8 . 3 ( 1 8 3)

0
0.8 (0.8)

0
8 .0 (8 .0 )

0
5 .0 (5 .0 )

0
0

5
5

. •8 cm

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0

0

0
0

0
0

0
0

18
23

lulal seed
hank*

16.5
43.9

17.2
42.2

15.3
40.3

0.3
10.5

0.4
10.4

1.3
4.5

13.5
39.4

13.5
38.9

13.0
37.8

20.1
54.2

12.5
38.7

12.6
38.8

17.2
47.7

24.7
58.9

12.3
39.9

17.7
49.2

11.7
40.8

0.2
8.3

•See text for assumed distribution of seeds in soil profile.
L; low intensity simulated burns. M; moderate intensity simulated burns. OR: orange seed form. BL: black seed form.
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interval at least as long as the primary juvenile
period in the study species. Limited data
(Benson 1985) suggest that this may take from
2 to 5 years in a range of species of Fabaceae.

Management of fire-prone natural areas will
affect the dynamics of legume populations.
Fires of low intensity may eliminate some
species (e.g. A. elongata) from the above-
ground flora. The long-term survival of such
species would then depend on the longevity of
seed in the soil in relation to the chance of a
future fire hot enough to stimulate ger-
mination, germination in the absence of fires,
or dispersal of seed from unburnt refuges.
Both Weiss (1984) and Auld (1987) suggest
that limited germination between fires may
occur in coastal Australian .Aeaeia species.
However, the survival of these seedlings is very
low. Moll and Grubb (1981) have suggested a
similar pattern for a species in South African
fynbos. Consequently, populations tend to be
predominantly even-aged. Dispersal distance
in most Aeaeia species is also low (Auld 1986a).
Repeated low-intensity fires are likely to
eliminate species such as .A. elongata from a
site. Fires of lower intensity than the simulated
burns (Auld 1986b) would result in zero ger-
mination for several legumes. For other
species, depending on the available seedbank
in the top few centimetres of soil, low intensity
bums may cause populations to decline. This is
most likely if post-fire moisture conditions are
poor, resulting in low seedling survival. There
is less risk that a population will decrease after
moderate intensity wildfires, as all legumes
will have a higher level of germination after
such a burn. There will, however, be exceptions
(e.g. A. faleata; Floyd 1976). Consequently,
managers should aim to avoid long sequences
of repeated low intensity fires if their aim is to
conserve all plant populations within a com-
munity. In reality, trade-offs are necessary,
such as when prescribed low intensity fires are
needed to reduce fuel loads in hazardous areas
where life and property are threatened.
Managers must understand the consequences
of such actions and can use this knowledge to
minimize adverse effects on native flora. The
probable germination response of legumes
under high-intensity wildfires should be
similar to that of moderate intensity fires, if it
is assumed that the heat flux moves further
down the soil profile in the manner illustrated
in Fig. 7 for moderate burns. In such hot burns.

a greater proportion of seeds in the top few
centimetres of soil will be killed, but ger-
mination will occur among seeds below this
depth.

The data presented here allow the
identification of potential indicator species in
fire-prone communities of southeastern
Australia. The species with the most restricted
germination patterns were A. elongata, A.
linifolia, G. elandestina, H. violaeea, K.
rubieunda and A/, platyloboides. Any one of
these could be used as an indicator species in a
community. For instance. Acacia elongata, A.
.suaveolens, S. vimineum and V. juneea can
co-habit certain wet heath/swamp com-
munities. Managers could concentrate their
monitoring efforts on germination and
recruitment of .A. elongata after a fire. If
reasonable germination is achieved in this
species it could be assumed that ample ger-
mination would also occur in the other legume
species in such a community. If data were
available for other plant families, the applic-
ability of indicator species could be further
extended. However, little data exist on varia-
tions between populations, soil temperatures
under a range of fire intensities and soil types,
and the distribution of seeds in the soil for a
range of species. Consequently, indicator
species should be only used as an approximate
guide for management at this stage.
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