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ABSTRACT

Context. Polygala myrtifolia L. has become a significant environmental weed in Australia, where it
has invaded coastal ecosystems in temperate regions and there is a high risk of extensive further
spread. Knowledge of seed-germination behaviour is essential to understand the potential future
impact of this species. Aims. We investigated the effects of selected environmental factors and
dormancy on P. myrtifolia seed germination and emergence to improve management strategies.
Methods. Seeds were exposed to light, temperature, pH, salinity, osmotic potential and burial depth
treatments to assess germination responses, dormancy and viability. Key results. Non-dormant
seeds readily germinated to high percentages (93.0-95.0%) under specific day—night temperatures
of 25°C~15°C regardless of light conditions and across all soil pH (75.0-100.0%). Salinities were
tolerated up to 100 mM NaCl (70.0% germination) before sharply declining. Germination reduced
from 98.3% to 40.0% at osmotic potentials of —0.4 MPa and —0.6 MPa respectively. Emergence was
greatest on the soil surface (48.33%) and absent from depths of 8 cm. Conclusions. Germination
was high during autumn, winter and spring conditions and across soils of any pH. The species is unlikely
to invade areas of high salinity; however, it is moderately tolerant of low soil moisture during
germination. Implications. There is high risk of P. myrtifolia further invading sensitive ecosystems
because of its high germination success. Preventing seed dispersal and ensuring seedlings are
controlled on emergence are critical to reducing its impact. We recommend that the cultivation
and sale of this species should be prohibited across Australia to prevent further spread.

Keywords: burial depth, coastal, dune ecosystem, salinity, seed germination, soil moisture,
temperature, weeds.

Introduction

Invasive plants species have a range of traits that enable establishment and persistence
across different habitats, and pose a significant threat to global biodiversity (Kaushik et al.
2022). Reproductive traits relating to seed production, dispersal, dormancy and germination
all influence a species’ colonising ability, therefore an understanding of their reproductive
ecology can inform effective management and prevent further spread (Nesi¢ et al. 2022).
Polygala myrtifolia L. is an invasive environmental weed of the Polygalaceae family, and,
in Australia, is predominantly found in temperate coastal environments (Adair et al. 2012).
It is a terrestrial, perennial, evergreen shrub that forms dense thickets, is fast-growing and
reaches heights of up to 3 m within 18 months of establishment (Adair et al. 2011; Inkson
2015), by which time it also possesses a substantial tap and lateral root system (Inkson
2015). Reaching sexual maturity in approximately 2 years (Carr et al. 1992), flowering
occurs throughout the year and peaks from late winter into spring (Adair et al. 2012).
Fruits are flattened, heart-shaped pods that release two seeds when ripe in December
and January (Eyre Peninsula Natural Resources Management Board 2018). Seeds have a
mean weight of 11.1 mg (Adair et al. 2012) and are dark brown, approximately 4-5 mm
long and oblong-shaped, with an elaiosome covered in microscopic white hairs
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(Agriculture Victoria 2020a) (Fig. la, b). Elaiosomes are
associated with both ant dispersal and absorption of water
into seed during germination in arid environments (Forest
et al. 2007) and P. myrtifolia seeds are known to germinate
close to parent plants, unless dispersed further by animals,
ants or human activity (Agriculture Victoria 2020a). Seeds
are reported to remain viable in the soil for more than
10 years (Eyre Peninsula Natural Resources Management
Board 2018); however, it is unclear whether this species
has any dormancy mechanism. Dormancy is defined as the
prevention of a seed from germinating, even when environ-
mental conditions are suitable (Baskin and Baskin 2004).
Adair et al. (2012) suggested potential innate dormancy
because of slow and poor germination success in their trial,
but stated that the optimal temperature for germination is
unclear.

In Australia, P. myrtifolia has escaped from gardens and
naturalised across Victoria, South Australia, New South
Wales, Tasmania and Western Australia (Adair et al. 2011),
where it has successfully invaded sensitive ecosystems such
as dune systems and coastal bluffs (Carter et al. 1990) (Fig. 2).
Dense infestations are rapidly threatening biodiversity values,
particularly in South Australia and Victoria (Adair et al.
2012), such as Port Phillip Bay, Western Port Bay and the
Bellarine Peninsula (Atlas of Living Australia 2021). As a
consequence, P. myrtifolia is now a declared weed under
the Natural Resources Management Act 2004 in South Australia
(Eyre Peninsula Natural Resources Management Board 2018),
and the Victorian, South Australian, Tasmanian and New
South Wales State governments have assessed the species as
a weed of potential national significance (Inkson 2015). In
Victoria, it was nominated as a restricted weed under the
Catchment and Land Protection Act 1994 and was added to
the Advisory list of environmental weeds in Victoria in 2018
(Agriculture Victoria 2020a; White et al. 2022). This species
is ranked in the most urgent risk-rating category in Victoria,
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and poses a very high risk of extensive further spread into
coasts and heathlands, inland plains, mallee and semi-arid
regions (White et al. 2022). In Victoria, P. myrtifolia has
invaded over 23 vegetation communities, with four communities
and 12 species at risk, including the endangered Eucalyptus
leucoxylon ssp. bellarinensis (Moxham 2003; Adair et al.
2012). This invasive woody shrub also provides habitat for
pest species, such as foxes and rabbits (Eyre Peninsula Natural
Resources Management Board 2018). To limit dispersal of the
species from parks and gardens in Australia, P. myrtifolia var.
grandiflora has been cultivated and planted as a non-invasive
alternative for P. myrtifolia (Carter et al. 1990).

While there is no official documentation stating the cost
of controlling P. myrtifolia, it has been estimated that
~A$13.6 billion is spent annually to control invasive species
in Australia (Hoffmann and Broadhurst 2016). The highest
costs are incurred because of invasive plants, which pose an
ongoing challenge to Australian agriculture, ecology, cultural
values and the economy (Bradshaw et al. 2021). Management
techniques to control P. myrtifolia involve long-term options
such as physical removal and the use of a range of herbicides
(Carr et al. 1992; Department of Primary Industries and
Regions 2021; Government of South Australia 2021). The
impact of fire on population dynamics of P. myrtifolia is
largely unknown, and although fire is reported to trigger
germination of the soil seedbank (Adair et al. 2012), it is
not stated whether this is due to heat, smoke or another
mechanism. Cool burns are reported to result in high-density
seedling recruitment (Government of South Australia 2021),
whereas high-intensity fires are required to kill mature plants
(Adair et al. 2012). Members of Polygalaceae are described as
having non-fire released dormancy, a bet-hedging strategy
in unpredictable environments where long-lived seeds can
withstand fire and are unaffected by either smoke or heat,
germinating after disturbances to the vegetation canopy
(Pausas and Lamont 2022).

Embryo

Seed coat
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Polygala myrtifolia seed. (a) The seed exterior and (b) the exposed embryo.
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Fig. 2.

It is clear that a greater understanding is required of the
dormancy and germination responses of P. myrtifolia, so
as to develop specific control strategies that maximise
effectiveness. While there is some information on control
methods suitable for the management of adult plants and
seedlings, there is a lack of information surrounding reproduc-
tion, which can affect both the timing and geographic regions
into which this species may spread. This study therefore aimed
to investigate the effect of selected environmental factors
on the germination success of P. myrtifolia seeds, to inform
management strategies that will effectively control this
invasive species. To achieve this aim, we

1. assess for dormancy and germinability under a range of
environmental conditions, including temperature, light,
pH, salinity, osmotic stress and burial depth, and to
establish risk of invasion into new regions

2. recommend improvements to control strategies that
consider dormancy and germination responses to maximise
success.

Materials and methods

Seed collection and interim storage

Polygala myrtifolia seeds were collected from approximately
200 parent plants during January 2021 by the Bellarine
Landcare Group, who sourced them from the Queenscliff
Natural Features Reserve (38°16’18.1”S, 144°38’13.5"E) on
the Bellarine Peninsula, Victoria, Australia. Seeds were
transported in a labelled zip-lock bag to the seed-ecology
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Global distribution of Polygala myrtifolia. Locations are represented by the dots (GBIF.org 2021).

laboratory at Federation University, Mount Helen, Australia,
and stored dry in a glass jar in a dark cabinet at room
temperature of 21°C, until required.

Seed imbibition and dormancy

To assess for the presence of seed dormancy, imbibition tests
were conducted on four replicates of 25 seeds, followed by
emergence time for radicle and shoots. After recording the
dry weight of each replicate, seeds were placed in Petri dishes
on moistened filter paper at room temperature of 21°C. Seeds
were then dried carefully with paper towel and reweighed at
intervals of 5, 10, 15 and 30 min, followed by 1, 2, 3, 4, 6, 24,
48,72,96,120, 144, 168 and 192+ h, before returning to the
Petri dishes to continue imbibition. Increase in mean seed
weight (%) owing to imbibition was calculated as follows:
Weight increase (%) = [(W; — Wq)/Wq4] x 100, where W; is
the mass of imbibed seeds and Wy is the mass of dry seeds.

General germination protocol

All germination experiments were conducted from March to
June 2021. In all trials, experimental units comprised 20
seeds, with each treatment being replicated three times.
Further replication was not conducted because of a lack of
seeds. Seeds were initially surface-sterilised by submerging
them in 1% (w/v) sodium hypochlorite (NaOCl) for 5 min,
then thoroughly rinsed with sterilised reverse-osmosis (RO)
water. The surface-sterilised seeds were placed in 9-cm-
diameter Petri dishes lined with sterilised Whatman No. 5
filter paper, which was moistened with sterilised RO water or
treatment solution. Petri dishes were sealed with Parafilm M
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(Hach Pacific, Vic., Australia) and were replenished with
relevant germination solutions as required to retain moisture
levels throughout trials. Petri dishes were wrapped with
aluminium foil and inspected only under green light to
maintain the required 24 h dark conditions for the experiments.
The Petri dishes were incubated in temperature-controlled
cabinets (Thermoline Scientific, Model Climatron-520-DL-H,
Wetherill Park, NSW, Australia), as specified according to
trial conditions, and monitored every 2-3 days for 35 days.
They were considered germinated when the emergent
radicle was approximately 2 mm long.

After the completion of germination trials, the viability
of ungerminated seeds was tested using 1% 2,3,5-
triphenyltetrazolium chloride (tetrazolium) solution (Rowe
Scientific, Vic., Australia). These seeds were cut in half longitu-
dinally, and a few drops of tetrazolium were added to the
exposed seed embryos. Petri dishes were consequently
resealed and covered in aluminium foil, then placed at room
temperature 21°C overnight. Seeds that evenly stained a dark
pink were classified as viable.

Effect of temperature and light on seed
germination

Polygala myrtifolia seeds were exposed to two light regimes
(12 h light-12 h dark, and 24 h dark) under four tempera-
ture regimes in incubators set at alternating day-night
temperatures of 35°C-25°C, 30°C-20°C, 25°C-15°C and
17°C-7°C. These light and temperature regimes were selected
to reflect the possible climate variations of the region where
seeds were collected, to determine the optimal germination
conditions for this species. Seeds were exposed to 24 h dark
conditions to mimic being completely buried in soil. As a
result of this preliminary work, the optimal germination
condition was 25°C-15°C under 24 h darkness. Therefore,
all subsequent experiments were conducted under this
combination of temperature and light regimes.

Effect of pH on seed germination

The effect of pH on seed germination was tested to determine
the range of soils that P. myrtifolia has the potential to inhabit.
Buffer solutions were prepared following the method of
Chachalis and Reddy (2000), as follows: 2 mM of potassium
hydrogen phthalate for pH 4, MES (2-(N-morpholino)
ethanesulfonic acid) for pH 5 and 6; HEPES (N-2-
hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)) for pH
7 and 8) and Tricine (N-Tris(hydroxymethyl)methylglycine)
for pH 9 and 10. Solutions were adjusted with 1 N HCL or
NaOH. Sterilised RO water with a pH value of 6.6 was
included as a control.

Effect of salinity on seed germination

The effect of salinity on seed germination was explored to
understand how vigorously P. myrtifolia may be able to

disperse and establish in a range of Australian soils. A range
of NaCl solutions was tested, having concentrations of 25 mM,
50 mM, 75 mM, 100 mM, 150 mM, 200 mM, 250 mM,
450 mM NacCl, and using sterilised RO water as a control.
Concentrations up to 200 mM NaCl were selected to repre-
sent the threshold beyond which usually only salt-tolerant
halophytic plants are able to successfully reproduce (Flowers
and Colmer 2008), with two higher concentrations being
selected to ascertain the salinity tolerance of P. myrtifolia
during the vulnerable germination stage.

Effect of osmotic potential on seed germination

The ability to germinate under high soil-moisture stress may
enable weed species to occupy a greater number of habitats.
To determine the effect of osmotic potential on P. myrtifolia,
seeds were placed in polyethylene glycol (PEG) solutions
with osmotic potentials of —0.1, —0.2, —0.4, —0.6, —0.8 and
—1.0 MPa, with sterilised RO water being used as the
control. PEG 8000 (Sigma-Aldrich Co., Saint Louis, MO,
USA) was dissolved in sterilised RO water to prepare the range
of solutions with different osmotic potentials (Michel 1983).

Effect of burial depth on seedling emergence

To evaluate the effect of burial depth on seedling emergence,
plastic seedling punnets were lined with paper towel and
three replicates of 20 seeds were buried at depths of 0, 2, 4,
6 and 8 cm in autoclaved river sand. Punnets were placed
in large trays within the temperature cabinet set to 25°C—
15°C (12 h light-12 h dark), and kept moist by adding RO
water to the trays. Seedlings were considered to have
emerged when the cotyledon was visible at the soil surface.
The burial trial was conducted for 75 days and monitored
for emergence every 2-3 days.

Statistical analysis

Statistical tests were conducted using IBM SPSS Statistics for
Windows (ver. 27, IBM, Armonk, NY, USA). ANOVAs were
performed to determine whether the final germination
percentages (GP) and germination speed (measured by time
to start germination (TSG) and time to 50% germination
(t50)) of P. myrtifolia were significantly different among
treatments. All assumptions were investigated by examining
the residuals in terms of normality and equal variance. Final
germination % data were arcsine-transformed prior to
ANOVA. A two-way ANOVA was used to determine significant
differences between temperature and light regimes. One-way
ANOVAs were used to determine significant differences in
salinity, osmotic potential, burial depth and pH treatments.
Results with P < 0.05 were identified as significantly different,
with a subsequent post hoc Tukey test being used to determine
between which treatments the differences occurred. Graphs
were created in Microsoft Excel for Micrsoft 365 MSO
(Microsoft Corporation, USA).
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Results

Seed imbibition and dormancy

Polygala myrtifolia seeds readily imbibed water and immedi-
ately increased in weight, reaching 1.0% =+ 0.0, 5.1% =+ 0.1,
and 50.7% =+ 0.5 within 0.25, 1 and 72 h respectively. Seed
weight reached a maximum increase of 56.2% =+ 0.3 after
192 h, with germination commencing at 264 h (11 days),
followed shortly by shoot emergence.

Effect of temperature and light on seed
germination

Germination occurred across all temperature treatments
under both light regimes (Fig. 3). The germination percentage
(GP) was significantly higher at temperatures of 25°C-15°C
(F3,16 = 202.8, P < 0.001); however, there was no signifi-
cant effect owing to light (F;, 14 = 1.5, P = 0.238) or the
light and temperature treatment interaction (F316 = 0.364,
P =0.780).

The highest GP was observed under the 25°C-15°C
temperature regime for both 12 h light-12 h dark and 24 h
dark (93.3% + 4.4 and 95.0% + 2.9 respectively). Mean
viability of seeds ungerminated at the end of the trial was
high, ranging from 75.0% to 100.0% (mean 93.8%) for 12 h
light-12h dark and 65% to 100% (mean 93.8%) for 24 h dark.

Subsequent trials were conducted under the optimal germi-
nation temperature of 25°C-15°C, with a 24 h continuous
dark regime chosen due to the slightly higher overall
germination rate achieved.

Effect of pH on seed germination

The germination of P. myrtifolia seeds was not significantly
different among the pH treatments (F;,¢ = 1.1, P = 0.386).
The germination response was strong, ranging between
75.0% and 100.0% across all pH treatments, except for one
replicate (Fig. 4). The highest mean germination percentage

012 h light-12 h dark 24 h dark

100
9% wal”
80 :
70
60
50
40
30

20 :
10 I :

17-7

Final germination %

o

Alternating temperature (°C)
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occurred at pH 9 (96.7% + 1.67) and the lowest germina-
tion percentage occurred at pH 4 (71.6% =+ 15.9) (Fig. 4).
Across all treatments in this experiment, seed viability on
completion of germination was >99.0% on the basis of
post-germination tetrazolium assessment.

Germination speed was not significantly affected by pH for
either time to start germination (TSG) (F7, 16 =1.4, P =0.279)
or time to 50.0% of maximum germination (t50) (F;, 16 =1.3,
P =0.317). Germination started between Day 12 and Day 16
for all treatments, and reached 50.0% of maximum germina-
tion in 18.8-23.1 days (Fig. 5).

Effect of salinity on seed germination

Salinity had a significant influence on the germination of
P. myrtifolia (Fg15 = 34.9, P < 0.001). Maximum germina-
tion was observed at 25 mM NaCl (100.0% =+ 0.0) and
sharply declined with increasing NaCl concentrations higher
than 100 mM (70.0% =+ 2.8). Estimated from the fitted model,
germination was inhibited to 50.0% of the maximum at
123.2 mM NaCl (Fig. 4). Germination was completely inhibited
at 450 mM of NaCl. Viability of ungerminated seeds on
completion was 100.0% across all treatments, excluding one
replicate of 200 mM (95.0%).

Higher-salinity treatments of 150 and 200 mM NacCl took a
significantly longer time (>30 days) to start germination than
did low-salinity treatments (11.6-15.3 days; Fs 13 = 10.856,
P < 0.001). The time to 50.0% of the maximum germination
was also significant (Fg 13 = 39.066, P < 0.001), occurring
within 19.5-22.0 days for the lowest three treatments and
delayed until between 30.3 and 33.0 days for the highest
three treatments (Fig. 5).

Effect of osmotic potential on seed germination

Osmotic potential significantly affected germination of
P. myrtifolia (Fe14 = 50.5, P < 0.001), declining after
—0.4 MPa (Fig. 4). The —0.8 and —1.0 MPa treatments had
significant lower germination percentages than did the other

Fig.3. Effect of alternating day—night temper-
atures (17°C-7°C, 25°C-15°C, 30°C-20°C
and 35°C-25°C) on the germination percentage
of Polygala myrtifolia seeds under a 12 h light—12 h
dark regime and 24 h dark regime. Vertical error
bars represent the standard error of the means.
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osmotic potential treatments. Further, the —0.6 MPa treatments
had significant lower germination percentages than did the
lower osmotic potential treatments, reducing from 98.3%
(at —0.4 MPa) to 40.0% (at —0.6 MPa). Germination was
estimated to reduce to 50% of the maximum at the osmotic
potential of —0.58 MPa, on the basis of the fitted model.
Seed viability in the trial ranged from 85.0% to 100.0%,
with an overall mean across all treatments of 97.6%.
Germination speed was significantly affected by osmotic
potential treatments for both TSG (Fs1; = 13.3, P < 0.001)
and t50 (Fs;; = 48.6, P < 0.001; Fig. 5). Germination
commenced within 14.7 and 20.0 days for 0 to —0.4 MPa
treatments, reaching 50% of the maximum germination
within 19.4 to 26.0 days. In contrast, lower osmotic potential
treatments between —0.6 and —1.0 MPa recorded germination
between Days 27.3 and 35, reaching 50% by Days 33.8 to 34.5.

Effect of burial depth on seed germination

Seed-burial depth significantly influenced the seedling emer-
gence of P. myrtifolia (F410 = 25.0, P < 0.001). Emergence

decreased with burial depth (Fig. 4), with mean emergence
being greatest at the soil surface (48.3% =+ 7.3), decreasing
significantly at 6 cm (1.7% =+ 1.7) and no emergence
observed at 8 cm. Reduction of germination to 50.0% of the
maximum was estimated from the fitted model at 4.28 cm.
Viability of ungerminated seeds decreased with an increased
burial depth, from 98.3% at 0 cm to 43.3% at 8 cm.

Emergence speed was significantly delayed with burial
depth for TSG (F = 6.1, P = 0.036); however, t50 was not
significant (F3¢ = 4.0, P = 0.07) (Fig. 5). Emergence was
first recorded after 22 days at the soil surface, reaching
50% of the maximum after 35.6 days, whereas at 6 cm, the
single record of emergence occurred after 54 days.

Discussion

Seed imbibition and dormancy

The rapidity of imbibition and germination of untreated
P. myrtifolia seeds under suitable light and temperature
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regimes, followed shortly by shoot emergence, indicated that
the species is non-dormant, with no physical dormancy, as per
Baskin and Baskin (2004). Seeds are dispersed in December to
January in Victoria and it is likely that most seeds germinate
as soon as conditions become suitable. Because there are
reports of seeds remaining viable in the soil for up to
10 years (Eyre Peninsula Natural Resources Management
Board 2018), it is recommended that soil seedbank studies
are undertaken to determine the persistence of P. myrtifolia
seeds, both in situ and through artificial ageing studies in
the laboratory (Newton et al. 2009).

Effect of temperature and light on seed
germination

High germination under one temperature regime (25°C-15°C)
demonstrated that P. myrtifolia has specific conditions
under which most germination will occur. The Bureau of
Meteorology (2022) reports that in Queenscliff, where the
seeds were sourced for this experiment, mean temperatures
range from 14°C to 22°C in summer and from 6°C to 12°C
in July. As the optimal germination temperature is similar
to the climate of Queenscliff, P. myrtifolia poses a threat to
further invade coastal environments of the Bellarine Peninsula,
as well as regions with similar climate regimes. Its tolerance
to both light and dark conditions indicates light is not a
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germination trigger for this species, and seeds would
germinate both on and beneath the soil surface, and also
under dense plant canopies. Adair et al. (2012) also found
no significant difference as a result of light, with slightly
lower germination in darkness. However, because the
authors reported that seedling establishment and growth is
supressed in shaded environments, and re-establishing the
overstorey of natives assists management, further trials that
investigate the influence of light during seedling establish-
ment are recommended.

Effect of pH on seed germination

Germination of P. myrtifolia readily occurred under either
acidic or alkaline conditions, indicating that soil pH is not a
limiting factor for the germination of this species, nor did it
delay germination. Currently, this species occurs primarily
on sandy, alkaline, and calcareous soils in the Bellarine
Peninsula (Adair et al. 2011). The ability of P. myrtifolia to
germinate in such a wide range of soil pH values suggests
that P. myrtifolia germination may occur over the pH range
that encompasses most, if not all, soils in Australia (Fenner
and Thompson 2009). Around the Bellarine Peninsula and
Queenscliff district, the pH of the topsoil is reported to range
from 4.5 to 8.5 (Rees 2002; Rees et al. 2002), therefore
providing optimal soil conditions for the germination of this
species.
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Effect of salinity on seed germination

Saline soils provide unfavourable conditions for the germina-
tion of P. myrtifolia; however, germination still occurred in
low numbers in higher salinity conditions, although germina-
tion speed was significantly delayed. Seeds were able to
survive exposure to high salt concentrations during the
trial, with almost all ungerminated seeds being viable after
35 days. Because of these inhibitory factors, the timing of
germination might coincide with periods of higher rainfall,
diluting the salts dissolved in the soil water (Fenner and
Thompson 2009). Currently, this species is widely distributed
in coastal environments of Australia, including the Bellarine
Peninsula, primarily on secondary and tertiary dunes where
soils are sandy and well drained, with high salt leaching
(Agriculture Victoria 2020b). This species is known to be
tolerant of salt-spray, but little is known about its soil-
salinity tolerance (Agriculture Victoria 2020b). Soil salinity
in Drysdale and the Queenscliff district has been recorded
as EC (1:5) of 0.09 at 0-10 cm (non-saline) and EC of 3.8 at
55-110 cm (slightly saline), which may affect deeper-rooted
plants (Rees et al. 2002). This topsoil would be equivalent to
0.9 mM NacCl, therefore similar to our control. Regions of
highly saline soils are unlikely to support populations of this
weed, because germination is both slow and minimal.

Effect of osmotic potential on seed germination

High moisture stress owing to osmotic potential can inhibit or
delay seed germination for many invasive species (Florentine
et al. 2018; Welgama et al. 2019). P. myrtifolia germinated
readily until moisture stress was increased to —0.6, —0.8 and
—1.0 MPa, where seeds were unable to obtain moisture levels
required for imbibition because of the limited availability of
water. This indicates that germination is most likely to occur
during the cooler months when rainfall increases soil moisture
sufficiently. Many species in arid zones germinate rapidly;
however, there are examples of species taking over 62 and
82 days to reach 50.0% germination (Dalziell et al. 2022).
P. myrtifolia showed similar capacity to germinate under
water stress (t50 = —0.58 MPa) as do some shrub species in
the South West (—0.62 MPa) and Goldfields (—0.56 MPa) in
arid Western Australia (Dalziell et al. 2022). Hence, although
the species is not as tolerant in water-limited situations as are
many arid-zone species, and is more likely to become invasive
in soils with more moisture, P. myrtifolia has the capacity to
establish in lower-rainfall regions. Further studies into the
effect of low soil moisture on establishing seedlings is
recommended.

Effect of burial depth on seedling emergence

Seed size is a strong driver of the relationship between seed-
burial depth and seedling emergence (Bond et al. 1999).
Larger seeds have greater carbohydrate reserves providing
more energy for seedling emergence from increased burial

depths (Hoyle et al. 2013), and seedlings survive better
during early establishment (Moles and Westoby 2004).
Bond et al. (1999) argued their model is a useful predictor
of maximum emergence depth according to seed weight.
This model fit our species well, predicting that seedlings
would emerge from depths up to 6.1 cm. Seedlings emerged
from depths up to 6 cm within 54 days, and although there
was no seedling emergence observed at 8 cm, some seeds
had germinated at this depth but had not yet emerged.
Burial-depth studies indicated that with increasing depth,
resources are allocated more to root development than shoot
development, so as to access water and nutrients deeper in the
soil to enable shoot growth (Miiller et al. 2019). Because many
ungerminated P. myrtifolia seeds were viable after 75 days of
burial, further studies are recommended to assess whether
P. myrtifolia seedlings emerge from deeper depths with
additional time, or whether seed reserves become depleted.
Light is not likely to have a strong influence on seed germina-
tion and burial depth. Hoyle et al. (2013) reported that seeds
buried at depths greater than 0.2 cm below the soil surface
typically receive less than 1% of incidental light. As
demonstrated in this study, P. myrtifolia is not dependant
on light for germination, therefore any differences can most
likely be attributed to resource allocation. Further investigation
into differences in emergence and seedling establishment under
different light regimes to reflect open and closed canopies would
assist management strategies.

Management strategies

Our findings may help inform management strategies for this
highly invasive species, which has the potential for extensive
further spread into vulnerable environments. P. myrtifolia
germinates optimally under autumn, winter and spring
temperatures, regardless of light conditions, in soils of any
pH, with low to moderate salinity, and low to moderate
soil-moisture stress. The highest risk of invasion will occur
in moist, low-salinity soils in cool to warm temperatures,
and once seeds disperse, seedlings will readily emerge from
on and beneath the soil surface, and under plant canopies.
Soils with higher salinity and moisture stress are less likely
to support populations of P. myrtifolia, although seeds may
persist for longer in these soils until conditions are suitable
for germination, and there is still capacity for the species to
establish in lower-rainfall areas. Seed germination requirements
can help inform predictive modelling to determine environ-
ments most threatened by the distribution and potential
spread of P. myrtifolia.

This seed germination knowledge will assist land managers
on the timing and suitability of various control strategies. It is
essential to focus both on removal of mature plants, ideally
prior to seedset, to prevent further dispersal and contribution
to the long-lived soil seedbank, as well as the ongoing control
of seedlings, which are likely to germinate mostly in optimal
conditions during autumn, winter and spring. The size of the
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infestation and the impact of control mechanisms on native
vegetation should determine the most appropriate method.
Light-reducing techniques such as mulching, although
ineffective at preventing germination, may suppress seedling
emergence by burying seeds to a depth of 8 cm. This method is
suitable only in heavily infested areas where the ground layer
does not contain sensitive native flora, preferably in conjunc-
tion with restoration of appropriate species. In more sensitive
areas, careful manual removal or herbicide application of
seedlings is required to prevent further damage and prevent
population spread, potentially in addition to extra native
overstorey. Because seeds are naturally dispersed close to
the parent plant, care should be taken to reduce the risk of
longer-distance dispersal via machinery. The use of fire has
been suggested as an effective tool for large or inaccessible
populations, because it removes mature plants and triggers
mass seed germination (Adair et al. 2012). This actively
depletes the soil seedbank, but it is critical to implement
follow-up control strategies to prevent rapid reinfestation.
Any burns should be conducted at times that take into account
both the fire responses of local native vegetation and their
ability to re-establish, and also the likely germination response
of P. myrtifolia to subsequent soil moisture. Further investi-
gations should explore the impact of radiant heat on seed
survival, the longevity and persistence of seeds in the soil
seedbank, and the impact of moisture stress and closed
versus open canopies on the establishment of seedlings.
These findings provide a foundation for further studies into
the germination requirements and potential spread of
P. myrtifolia in Australia to help facilitate the development
of effective control strategies.
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