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Summary
Shrub encroachment generally causes the loss of native
species in herbaceous-dominated communities. The abil-
ity of the original ecosystem to return to its pre-
encroachment state (i.e. its ecological resilience) will
be partially contingent on the capacity of these species
to regenerate from soil-stored seed. Coast Tea Tree
(Leptospermum laevigatum) has formed a dense scrub
in many areas previously dominated by grassy wood-
land, and hence, managers need guidance about the
effectiveness of strategies designed to recover the pre-
encroachment vegetation. In this context, we ask: what
is the potential of species stored in the soil seed bank
to return following Tea Tree removal? A germination
experiment was undertaken using soil collected from
dense stands of Tea Tree that had been long established.
Heat/smoke was applied to soils to simulate the effects
of a fire on the soil seed bank, while leaf litter treat-
ments were used to mimic both undisturbed stands
and stands where shrubs have been slashed where litter
creates a physical barrier to emergence. We found the
soil seed bank was dominated by exotic forbs (83% of
all germinants) and contained few grasses. Heat and
smoke decreased total species density but increased spe-
cies diversity through the suppression of common exot-
ics. Our data suggest that slashing would result in
germination being dominated by exotic flora, but using
fire would likely reduce that dominance. However, we
conclude that recovery by much of the original flora
after site occupation by Coast Tea Tree may be contin-
gent on mechanisms other than soil-stored seeds.

Introduction
The encroachment and establishment of native shrubs in
herbaceous-dominated plant communities generally result
in an impoverishment of the original flora, often attributed
to inhibitory mechanisms such as litter smothering (e.g.
Price & Morgan 2008). Once established, shrubs can inhi-
bit the persistence of other plants by occupying space and
resources (Rees & Brown 1991). Restoration of these com-
munities is contingent on the ability of species to reoccupy
the sites. Seed banks are an important resource for the
recovery of a diverse range of species in disturbed areas
(Williams et al. 2005) and provide a mechanism for popu-
lation persistence when site conditions are not favourable
for the species (Lunt 1997).

Coast Tea Tree (Leptospermum laevigatum) (J. Gaertn.)
F. Muell. (Myrtaceae) (hereafter referred to as Tea Tree) is
a native shrub that has become overrepresented and is
considered an environmental weed within much of its nat-
ural range (Hazard & Parsons 1977; Bennett 1994). Altered
fire and grazing regimes have permitted it to expand sig-
nificantly over the last decades (Bennett 1994), often cre-
ating a species-poor scrub (Hazard & Parsons 1977). Tea
Tree is thought to be relatively long-lived in the absence
of fire (Hazard & Parsons 1977), and dense stands outlast
and outcompete shorter-lived, less shade-tolerant species.
At Wilsons Promontory National Park, there has been a
concerted effort over many years to control these stands
using mechanical slashing and fire, both of which provide
cues for the germination of soil-stored seed.

In this study, we determined the size and composition of
the germinable seed bank of Tea Tree-dominated scrub at
Wilsons Promontory to infer the regeneration potential of
species following management actions. Mechanical
removal, along with natural senescence, would – among
other things – leave litter on the ground that may limit
soil–seed contact for germination (Facelli & Pickett 1991).
Fire, on the other hand, would remove litter and apply stim-
uli in the form of heat and compounds in smoke (Brown
1993). We asked whether the recolonisation potential from
seeds stored in the soil seed bank differs beneath litter and
following the simulated effects of low-intensity fire?

Methods

Study site

This study was conducted in the summer of 2008/09 in Tea
Tree-dominated scrub on the Yanakie Isthmus, Wilsons
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Promontory National Park (38°53′S, 146°14′E). Historically,
the Isthmus was a mosaic of dunes and swales with droop-
ing sheoak (Allocasuarina verticillata) or coast banksia
(Banksia integrifolia)-dominated grassy woodlands (Ben-
nett 1994); kangaroo grass (Themeda triandra) and blady
grass (Imperata cylindrica) were common (see Table S1
for list of historically common plant species). Changes in
grazing and fire regimes have seen the area largely
replaced by dense Tea Tree scrub (Bennett 1994).
Attempts have been made by management to reduce these
dense stands through slashing and autumn or spring burns
(Raymond 1999).

Germination experiment

Soil was collected from five Tea Tree-dominated sites
located in swales across the Isthmus. At these sites, Tea
Tree density was 0.9 (�0.1) individuals/m2, canopy cover
was 83.6 (�0.8)%, individuals were 5.5–6.5 m in height
and average diameter at breast-height was 27 (�2) cm.
These characteristics indicated that the Tea Tree was
mature (Watt 1947) and sites had been occupied for sev-
eral decades. Ground cover consisted of approximately
10 species/m, the majority of which were native forbs,
which provided around 70% vegetation cover. At each
site, 21 samples, each 30 9 30 9 2 cm, were collected
at 1-m intervals along a 20-m transect. Samples from each
site were passed through a 10-mm sieve to remove the
majority of leaves, roots and rocks before being bulked.
Bulked site samples were thoroughly mixed and divided
into three equal fractions, randomly assigned to one of
three treatments: (i) control, (ii) litter, and (iii) heat/
smoke.

For each site, the control, litter and heat/smoke frac-
tions were subdivided into seven equal samples for ger-
mination in standard nursery trays (28 9 34 9 7 cm). All
trays were prepared with a 2-cm layer of vermiculite
over a lining of paper towel. Soil for the control samples
was simply spread over the vermiculite without any fur-
ther processing. In the litter treatment, the soil in each
tray was covered with 50 g of air-dried litter, collected
from the sites to mimic field conditions in mature Tea
Tree stands (L. O’Loughlin, unpublished data). For the
heat/smoke treatment, soil was heated at 120°C for 1 h
(actual soil temperature reached 68–75°C, which is char-
acteristic of a low-intensity fire (Raison et al. 1986))
before being placed into standard nursery trays as
above. Smoke solution was applied to the heated soil
samples as undiluted Regen 2000� SMOKEMASTERTM.
This product is derived from the burning of a variety
of eucalypts, pines and sawdust waste and passing the
smoke through water. Each of the nursery trays was trea-
ted with 9 mL of SMOKEMASTERTM (the equivalent of
the recommended 100 mL/m2) once a week for 3 weeks.
Trays were lightly watered following application to

ensure absorption, and left unwatered for 24 h thereafter
to minimise leaching.

The position of the 105 sample trays (5 sites 9 21 sam-
ples/site) was randomised within an unairconditioned
glass house and watered four times a day for 2 min with
an automated mist spray system. The emergence of vascu-
lar plants was monitored from the beginning of October
2008 to mid February 2009. All germinants were identified,
recorded and then removed from the trays. Nomenclature
follows Walsh and Stajsic (2007).

Analysis

Germinant records from the seven trays per treatment per
site were pooled as a single (site) replicate for analyses.
These seven trays equate to a total sampling area of
0.63 m2 at each site, and so all densities are reported as
mean � SE 0.63 m�2. Statistical analyses and multidimen-
sional scaling were performed using SPSS for Windows v.
15 (SPSS Inc., Chicago, IL, USA) and PRIMER v. 6.1.6 (PRI-
MER-E Ltd., Lutton Ivybridge, UK), respectively. Species
abundance and density of germinants were compared
between treatments with one-way ANOVA and Bonferroni
post hoc tests. Treatment differences in species composi-
tion were analysed by nonmetric multidimensional scaling
(NMDS) ordination and one-way analysis of similarities
(ANOSIM), using the Bray–Curtis dissimilarity coefficient on
log(x+1) transformed data.

Results
A total of 9,540 germinants were recorded, representing
38 native and 31 exotic plant species (Table S2). The
seed bank was dominated by the exotic herb European
centaury (*Centaurium erythraea) (* denotes exotic spe-
cies). This species occurred at all sites and comprised
between 68–80%, 50–86% and 23–58% of all germinants
in the control, litter and heat/smoke treatments, respec-
tively. Red chickweed (*Anagallis arvensis) (7%),
knobby club rush (Ficinia nodosa) (4%), kidney weed
(Dichondra repens) (2%) and viola (Viola clestogamo-
ides) (1%) were the next most common species. Tea Tree
was only rarely recorded, just 15 germinants across all
sites.

Mean total abundance of seedlings did not differ signif-
icantly between the control (883 � 93) and litter
(858 � 105) treatments, but was more than 5-fold lower
in the heat/smoke treatment (167 � 39; F2,12 = 23.35,
P < 0.001). Similarly, there was no significant difference
in mean species density between the control and litter
treatments (c. 25 species 0.63 m�2 in both), but the effects
of heat/smoke reduced species density of the seed bank
by 50% (F2,12 = 11.95, P = 0.001). When the exotic and
native germinants are examined separately, the propor-
tional abundance of exotic individuals was significantly
lowered in the heat/smoke treatment, while the propor-
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tion of native individuals significantly increased relative to
the control and litter treatments (F2,12 = 7.802, P = 0.007,
Fig. 1a). Conversely, proportional species density showed
the opposite pattern with the number of exotic species
increasing and number of natives decreasing in the heat/
smoke treatment relative to the control and litter
(F2,12 = 3.97, P = 0.047; Fig. 1b).

The effect of heat/smoke, but not litter, was associated
with a significant shift in germinant composition of the soil
seed bank (Global R = 0.497, P < 0.001; Fig. 1c). The
control and litter treatments did not differ (P = 0.643),
but the heat/smoke treatment differed significantly from
both the control and litter treatments (both P = 0.008).
Compared with the control treatment, germinants of the
most common species, European centaury, viola, pale fan-
flower (Scaevola albida) and red chickweed were up to
95% less abundant and effectively eliminated from the
heat/smoke germinable flora. Only one native species,
kidney weed, appeared to be consistently promoted by
the simulated effects of fire. We used the ANOSIM R statis-
tic to gauge the ‘effect size’ of the heat/smoke treatment
relative to the control treatment, for both the native and
exotic components of the seed bank flora. This statistic
was much higher for the exotic component (R = 0.928)
than for the native component (R = 0.528), indicating a
greater effect of fire on the exotics.

Discussion
The native soil seed bank beneath dense stands of Tea
Tree scrub on the Yanakie Isthmus is both impoverished
and sparse. We recorded only 38 native species, and of
these, only three (knobby club rush, viola and pale fan-
flower) exceeded densities of more than 10 germinants/
m. Almost half of all species recorded in the seed bank
were exotic, and two of these (European centaury and
red chickweed) were numerically dominant; together they
accounted for more than 85% of all germinants in the
control and litter treatments.

The dominance of exotic species in both the control
and litter treatments is consistent with patterns of regen-
eration observed in dune swales on the Isthmus follow-
ing the removal of Tea Tree canopy by slashing.
Raymond (1999) reported that European centaury and
red chickweed were the most common exotic species
in slashed swales and occurred in 70% of quadrats. Our
study suggests they regenerated from a large soil-stored
seed bank. Raymond (1999) also reported that knobby
club rush and kidney weed were common in both
slashed and unslashed quadrats, but that viola was
absent, despite its relative abundance in the seed bank
(this study). Clearly, other filters can come into play to
determine vegetation succession following canopy
removal by slashing in dense stands of Tea Tree. We
thought that the leaf litter might be one of these, but lit-
ter had no detectable effect on emergence. This is at
odds with other studies (e.g. Lunt 1997) that have dem-
onstrated a variety of species-specific responses to leaf
litter in grassland species.

Slashing has proved problematic as a tool for manag-
ing Tea Tree encroachment on the Isthmus, both because
of the cost and the fact that Tea Tree rapidly reestablishes
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Figure 1. Mean (�1 SE) proportion of exotic (white bars) and native

(grey bars) species in each treatment for (a) abundance of individuals

and (b) species density. In both cases for both groups of species, Bon-

ferroni post hoc tests showed the heat/smoke treatment to be dissim-

ilar to the others (P > 0.05); and (c) NMDS ordination of plant species

composition (log(x+1)) of soil seed bank treatments (control ( X ), litter

(○) and heat/smoke (■)). Two-dimensional stress = 0.08.
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dominance (Raymond 1999). In any case, in recent dec-
ades, fire has affected a much larger proportion of Tea
Tree stands on the Isthmus than has slashing and is gen-
erally the manager’s preferred option. The heat/smoke
treatment of this study significantly altered the character-
istics of the germinable seed bank largely by inhibiting
germination of exotic species. Heat/smoke all but elimi-
nated red chickweed and decreased European centaury
by more than 90%. None of the exotic species responded
positively to heat and smoke, which is perhaps not sur-
prising given they probably did not evolve in fire-prone
vegetation. Heat shock and smoke have been shown to
break seed dormancy in many native species, and this
is usually associated with significant increases in species
density (Williams et al. 2005). With the exception of kid-
ney weed, all of the native species either did not respond
or they responded negatively to heat/smoke. That an
increase did not happen in our study was potentially
due the limitations in our single fire simulation treatment.
However, it suggests that the sites were highly degraded
and that over many decades of occupancy by Tea Tree,
vegetation on the Isthmus would have lost any seed-
bank-forming, fire-cued flora.

Shrubs and monocots were conspicuous by their
absence in the soil seed bank. Grasses generally do not
form persistent seed banks in south-eastern Australia
(Lunt 1997), so while their absence is not surprising, it is
still of concern for the recovery of the Isthmus vegetation
to its formerly grassy woodland state (Bennett 1994)
should a workable solution be found to manage Tea Tree
encroachment. Grasses are a minor component of the
vegetation following slashing and burning (Raymond
1999; authors pers. obs.), but kangaroo grass is much
more common following both kinds of disturbance, but
only when native and exotic herbivores are excluded
(Raymond 1999; authors pers. obs.). This indicates that
despite their inability to form seed banks, native grasses
may be able to recover through vegetative persistence
and resprouting.

Although our observations are limited by the small
number of sites we sampled and the few experimental
treatments imposed, we suggest that the regeneration of
species stored in the soil seed bank following Tea Tree
removal is likely to be dominated by common, exotic for-
bs. Recovery of the system to a grassy woodland state will
not likely be driven strongly by species stored in the soil
seed bank, but rather a combination of other mechanisms
(i.e. dispersal, advance regeneration). These outcomes
provide useful information to land managers regarding

the importance of fire in suppressing germination of the
dominant exotic flora.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:
Table S1. List of native plant species that were likely to
have been common in uninvaded swales on the Yanakie
Isthmus, Wilsons Promontory.

Table S2. Mean (�1SE, 0.63 m�2) number of germinants
for Control, Litter and Heat/Smoke treatments (n = 5) in
order based on total abundance for the study.
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