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Abstract. Tobacco bush (Nicotiana glauca R. Graham) is an aggressive invading species, which is active after
disturbances such as high rainfall events and flooding. Past studies have focussed on population dynamics and allelopathic
effects associated with the species, but little is known about its seed ecology. To address this dearth of information, this study
aimed to investigate: (i) the effect of various stress factors (temperature, light, osmotic potential, salt stress, heat-shock,
a combination of heat-shock and smoke, pH buffer, and burial depth of seed) on seed germination and seedling emergence,
and (ii) factors affecting the fate of seedlings. The results show that N. glauca was able to germinate over a broad range of
temperatures with highest seed germination occurring at 30/20°C with 12 h of light and 12 h of dark conditions. Seed
germination was greatest (89%) when seeds were placed on the soil surface and emergence decreased considerably as
planting depth increased from 0.5 to 1.5 cm. Water stress greatly reduced seed germination (58% germination at osmotic
potentials below —0.2 MPa) and germination was completely inhibited at water potentials of —0.4 to —0.6 MPa. Although
increasing salinity reduced the seed germination of this invasive species, N. glauca seed was able to germinate in both
alkaline (81% at pH 10) and acidic (80% at pH 4) conditions. The trial on the effect of seed age and field seed burial on seed
germination showed a slight decline in seed germination after 120 days of burial compared with non-buried seeds. Further,
the combined effect of heat-shock and smoke effectively inhibited the germination of N. glauca seeds; however, our
study shows that seedlings of N. glauca can withstand heat-shock of up to 130°C. Studies such as this will assist in the

development of control strategies to prevent the spread of this invasive species into arid landscapes.
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Introduction

Tobacco bush (Nicotiana glauca R. Graham), belongs to the
family Solanaceae and is native to Argentina and Bolivia
(Goodspeed 1954). Studies have demonstrated that N. glauca is
toxic to humans and animals (Panter et al. 2000). N. glauca
contains the alkaloid anabasine (Mizrachi et al. 2000), which is
more toxic than nicotine (Sims et al. 1999). Grazing animals
generally avoid it, as it is unpalatable. However, during drought
and high grazing pressure, livestock may consume N. glauca and
die (Cunningham et al. 1981). Panter et al. (2000) also reported
that N. glauca causes defects in fetal goats and sheep if the mother
does not die from consuming the plant. According to the Global
Invasive Species Database (2016), N. glauca has spread from its
original distribution into California (Schueller 2004), Mexico
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(Hernandez 1981), northern parts of the Mediterranean region
(Tadmor-Melamed et al. 2004), and southern Africa (Geerts and
Pauw 2009).

Nicotiana glauca is found in disturbed areas, including areas
of high soil moisture, near earth tanks, roadsides and creek lines
(Boyland ef al. 1985). Cunningham et al. (1981) reported that in
Australian arid and semi-arid landscapes, extensive stands of
N. glauca may persist for some years on stream floodplains and
drainage channels after summer floods. This species has also now
naturalised in Australia, and has become common in many parts
of the country including conservation areas in Victoria (e.g.
Barkindji Biosphere Reserve and You Yangs Regional Park) and
western New South Wales (e.g. Kinchega National Park, Tarawi
Nature Reserve, and Sturt National Park). It is a fast growing
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shrub/tree species, and can grow vigorously up to 3 m in height.
Plants start to produce flowers ~1 year after emergence and may
produce 10 000—1 000 000 seeds per year at maturity (Mizrachi
et al. 2000).

Seed germination is a critical element of any plant’s lifecycle,
and is one of the key processes in determining the success
of an invasive species (Wu and Du 2007). The rate of seed
germination is influenced by numerous biotic and abiotic factors.
An important variable is how long seeds can remain viable.
Detailed information on how environmental factors influence
seed germination of this species can help with the development of
control measures in both on agricultural production areas and
natural ecosystems. Four principal external factors have generally
been identified in relation to seed germination; the availability
of water, atmospheric gas composition, external soil and air
temperature, and photo period. It is understood that external
temperature and available light affect germination by regulating
the enzymes which are directly involved in germination (Baskin
and Baskin 1998).

As Florentine and Westbrooke (2005) and Florentine et al.
(2006) have pointed out, lack of information regarding
environmental factors affecting N. glauca seed germination
makes it hard to develop systematic control strategies for this
invasive species. The authors focussed their studies on
understanding the overall effect of invasion by this species as a
function of an episodic flooding event, which affected native
species, soil seed bank dynamics, seed germination patterns, and
seedling response to flood and drought. Although Florentine
et al. (2006) examined seed germination using constant
temperature regimes, there is relatively little known about the
environmental factors identified above. A better understanding of
seed germination, including the combined effect of factors
such as alternating temperature and light regimes, and fire-related
parameters of smoke exposure and heat-shock, is essential.
Previous studies have shown that this species tends to colonise
along creek lines and water bodies such as earth tanks after high
rainfall (Florentine and Westbrooke 2005; Florentine et al.
2006), indicating that soil moisture is a key factor for N. glauca
seed germination. Notwithstanding this observation, details
of how low soil moisture level can affect seed germination of
N. glauca have not yet been determined.

In view of the dearth of information on the species, this study
aimed to investigate (i) the effect of temperature, light, osmotic
potential, salt stress, heat-shock, a combination of heat-shock and
smoke, pH buffer, and burial depth of seed on seed germination
and seedling emergence, and (ii) the effect of radiant heat on the
survival and development of emergent seedlings.

Materials and methods
Seed collection and storage

Capsules from more than 50 N. glauca plants were collected at
maturity (when the seed capsule turned light brown) at the
Federation University Australia’s Nanya Research Station
(33.12°09'8.37'S, 141.3°17'30.2'E), located in the Scotia Mallee
region of south-west New South Wales, Australia, during May
2015. The capsules were placed in labelled paper bags and
taken to the university’s seed ecology laboratory at the
Mt Helen Campus, where they were air-dried for 3 days and
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cleaned. The seeds were then removed and placed in a labelled
airtight clean glass bottle and kept at room temperature (20°C)
until use.

The climate at Nanya Station is semi-arid, classified as hot
(summer drought) grassland (Koéppen 1900; BOM 2005). As
such, the region is subject to a severe moisture deficit. Annual
rainfall averages are between 200 and 300mm, and the
potential annual evaporation is ~2000-2400 mm (BOM 2013).
The seasonal distribution of rainfall is fairly even, but annual
variation between seasons is high. Highest summer temperatures
occur during February (mean daily maximum =32°C;
minimum = 16°C) and mild winter temperatures are experienced
during July (mean daily maximum=15°C; minimum=5°C)
(BOM 2013).

General seed germination protocol

Seeds were surface-sterilised by rinsing in 1% sodium
hypochlorite for 2 min then washed clean with double-distilled
water before the start of each germination trial. Within the
replicates of all seed germination trials, seeds were evenly spaced
in 9-cm-diameter Petri dishes lined with Whatman® No. 11 filter
papers, and moistened with 8-mL sterile distilled water or an
appropriate treatment solution to ensure adequate moisture for
the seeds. The Petri dishes containing the seeds were then
placed in incubators (Thermoline Scientific, temperature and
humidity cabinet, Model: TRISLH-495-1-s.d., Vol. 240,
Sydney, Australia), fitted with cool-white fluorescent lamps that
provided a photosynthetic photon flux of 40 umol m s ' All
the Petri dishes were sealed with parafilm. For trials involving
treatments where seeds were exposed to 24 h of dark conditions,
Petri dishes were wrapped in a double layer of aluminium foil.
Subsequent germination monitoring of these replicates was
undertaken under green safe light. For all trials, replicates were
monitored for germination for a period of 30 days from the date
they were placed in incubator. Seeds were considered germinated
when the radicle was ~2 mm long and cotyledons had emerged
from the seed coat (Ferrari and Parera 2015). At the conclusion of
the germination test, non-germinated seeds were checked for
viability using the 2,3,5-triphenyltetrazolium chloride test using
the procedures described for the genus Nicotiana (F. Solanaceae)
by Moore (1985). The seed coat of each seed was punctured at
the distal end and the seeds were stained with a 1% solution of
2,3,5-triphenyltetrazolium chloride for 24 h, after which they
were examined to assess viability. If the embryo and surrounding
nutritive tissue were stained a dark pink colour, the seed was
considered as viable. If the embryo did not stain or was poorly
stained it was classed as unviable.

Temperatures and light

To examine the effect of temperatures and light on N. glauca
seeds, surfaced sterilised seeds were exposed to day/night
temperatures of 35/30, 30/20, and 17/7°C under 12/12h
light/dark and 24 h of continuous darkness. Three replicates of 25
seeds were used for the temperature and light studies. These
temperature regimes were selected to approximate temperature
variations during the period of spring to winter in New South
Wales, Australia. As shown in the results, the combination
30/20°C with 12h/12 h light/dark temperature and light regime,
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showed highest germination rates. For the remainder of the
experiments, unless otherwise indicated, Petri dishes were
incubated under these conditions to test the effect of the other
factors.

Effect of osmotic potential and salt stress on germination

To examine different osmotic potentials, N. glauca seeds were
placed in solutions with osmotic potential of 0, 0.1, -0.2, —0.4,
and —0.6 MPa. Three replicates of 20 seeds were used for the
temperature and light study. Different concentrations of osmotic
potential solutions were prepared by dissolving polyethylene
glycol 8000 (Sigma-Aldrich Co., MO, USA) in sterilised distilled
water. For the effect of salt stress on N. glauca, a study was
conducted using sodium chloride (NaCl) concentrations of 0,
25, 50, 100, 150, 200, and 250 mM (Mallinckrodt Baker Inc.,
Phillipsburg, NJ, USA). Seeds were placed in Petri dishes
containing 7 mL of the different osmotic or NaCl solutions.

Effect of pH on seed germination

The effect of pH on seed germination was examined by using
buffer solutions with pH values 0f4, 5, 6, 7, 8,9, and 10 prepared
according to the procedures described by Chachalis and Reddy
(2000). Unbuffered deionised water (pH 6.4) was used as
Control. Three replicates of 20 seeds were used for the
temperature and light study.

Effect of burial depth on seedling emergence

Red sandy soil was collected from the Nanya Station and taken to
a Federation University Australia glasshouse in Ballarat
(Victoria). The soil was autoclaved to kill all seeds and other
propagules. The sterilised soil was then air-dried in the laboratory
before use. For the trial, plastic trays (10 cm X 6 cm X 6 cm) were
lined with paper towels and the air-dried soil was added. Three
replicates of 20 N. glauca seeds were placed on the top of the
soil and covered with different volumes of soil to depths of 0, 0.2,
0.5, 1.0, 1.5, and 2.0 cm. Seeds covered with 2 mm of soil may
not have covered uniformly due to the small size of the seed.
Some of the seeds might therefore have been covered only
lightly. Six plastic trays were placed inside three larger white
‘butcher’s’ trays (28 cm x 44 cm x 5.5 cm) and water was added
to the larger tray to facilitate watering from below and to ensure
minimal disturbance of seed samples. The trays were placed
in the 30/20°C cabinet and monitored regularly for seedling
emergence.

Seed longevity in the field

The seed burial experiment was established in the field at
Nanya Research Station, New South Wales, Australia. Twenty
cleaned seeds were placed in each of 12, 5 cm x 5-cm envelopes
made of 0.5-mm aluminium mesh. The envelopes were placed
in the soil at 1 cm depth. Three envelopes were removed after
20, 44, 77, and 121 days. Control seeds were kept in an airtight
glass jar at room temperature in the Seed Ecology Laboratory
of Federation University Australia, in Ballarat. Seeds from
individual envelopes were counted and tested with the standard
germination and viability test protocols mentioned previously.
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Combined effect of heat-shock and smoke on germination

To examine the combined effect of temperature regimes and
smoke, seeds were exposed to different temperatures and a 10%
smoke water solution. Approximately 30 N. glauca seeds were
placed in stainless steel mesh envelopes (2 x 2 cm). Red soil
(collected from Nanya Station) was placed in an aluminium
container (15cm x 9cm x 6 cm) and placed in an oven at the
selected temperature (Memmert, Type No. ULE500). A thermo
probe (Thermocouple data logger: EL-USB-TC-LCD) was
connected to an LED display and placed in the soil. The
selected temperatures were 40°C, 60°C, 80°C, 100°C, 120°C and
140°C. At the selected temperature, three metal mesh envelopes
containing seeds and the thermo probe were buried in the soil
for 3 min. The envelopes were then extracted, the seeds removed
and placed in a plastic tray and kept at room temperature for
24 h. The heat-treated seeds, as well as a Control sample of non-
treated seeds were then placed in Petri dishes and watered using
water or smoke water (Regen® 2000 smoke water). Three
replicates of 20 seeds were used for this study.

Effects of radiant heat on seedlings

Nicotiana glauca seeds were germinated in the 30/20°C cabinet
and individually transplanted, on 7 July 2015, into black
plastic pots (140 mm height and 130 mm wide) containing
commercially available potting mix. The pots were moistened and
placed in a glasshouse at the Seed Ecology Laboratory of the
University in Ballarat. All pots were watered daily with an
automatic sprinkler system. Twenty-five uniform-sized seedlings
(~18 cm height and 1 cm root collar diameter) were selected and
divided into five groups of five seedlings. To acclimatise the
seedlings to natural conditions, 10 days before the radiant heat
treatment, all the selected seedlings were removed from the
glasshouse and placed on a bench, where they were hand watered.
Seedlings, with the soil retained around their roots, were carefully
removed from the plastic pots and placed in an aluminium tray
(38cm x 27 cm x 14 cm). Trays were then placed in an oven at
one of five temperatures (room temperature (20), 80, 110, 130,
and 160°C) for 5min (after Moore et al. 1977; Gleadow and
Narayan 2007). These treatments were applied to approximate
temperature-time curve that have been used in previous studies
(Trabaud 1979; Moreno et al. 2004; Luna et al. 2007).
Immediately after exposure to the heat-shock, the seedlings
were returned to the pots in the glasshouse and watered twice
a day, and monitored 6 weeks.

Data analyses

The study considered the effect of the various treatments on
the final germination percentage (FG%) calculated as:

SG
FG—T—SX 100

— where SG is the total number of seeds germinated and 7S
is the total number of seeds placed in Petri dishes.

Two-way ANOVA was used to assess the effect of the various
factors on FG%. FG% were tested for normality using the
Shapiro-Wilk test (o0=0.05) before the ANOVA, whereas
homogeneity of variance was assessed using the Brown—Forsythe
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test. Data were transformed where necessary (see results). Data
were analysed using SigmaPlot13 (Systat Software, Inc., Point
Richmond, CA, USA).

The FG% values at different concentrations of osmotic
potential, NaCl, burial depth, heat, heat+smoke seed
germination data were fitted to a three-parameter sigmoid model
using SigmaPlot13.

GmaX
1 — el—x—xs0)/b

G(%) =

— where, G is the total germination (%) at concentration x,
G 18 the maximum germination (%), xsq is the concentration
or osmotic potential for 50% inhibition of the maximum
germination, and b indicates the slope.

A linear model was fitted to the 24D osmotic potential data.

G(%)=G+ax*x

An exponential decay curve was fitted to NaCl (light/dark
regime), and temperature and smoke germination data.

G(%) =axe(—Gxx)
E(%) =axe(—E *xx)

— where, G or E represent cumulative germination or
emergence (%), respectively, at time x, E,,/Gmax 1S the
maximum germination or emergence, and a indicates the
intercept.

Results
Effect of temperature and light

The results show a significant interaction between the effects
of light and temperature (P<0.05) indicating that the effect
of photoperiod depends on the prevailing temperature regime.
The highest FG% percentages were obtained for seeds
germinated under day/night temperatures of 30/20°C and 12/12 h
light/dark. Lower FG% was observed when temperatures were
either increased or decreased. The temperatures 35/30°C resulted
in the lowest FG%, whereas FG% for the 17/7°C temperature
regime was just over 80% and 60% for the 12/12 h light/dark and
24 h continuous dark, respectively (Fig. 1).

Osmotic potential

A two-way ANOVA showed an important significant
interaction between the effects of osmotic potential of the growing
medium and photoperiod (F=5.041, P=0.026, R>=0.83).
Separate sigmoid models were fitted to the data of the two light
regimes, and both models showed an extremely good fit, with
R*=0.99 and R*=0.99 for the 12/12h light/dark and 24h
continuous dark, respectively (Fig. 2). Final germination
decreased with increasing osmotic stress. Values decreased from
85% to 58% as the osmotic potential decreased from 0 to
—0.2 MPa, and was completely inhibited at values lower than
—0.4MPa. The results show that the osmotic concentration
required for 50% reduction in germination was —0.22 MPa
(Fig. 2a and b). When the non-germinated seeds were transferred
from the osmotic potential —0.6 MPa to sterilised RO water, the
FG% reached 89 +2.1%.
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Fig. 1. The effects of alternating temperature and photoperiod regimes
on the germination of Nicotiana glauca seeds. Vertical bars represent &=
standard error of the mean. 12 Light:12 Dark (i); 24 Dark (H).

Effect of salt concentration and pH on germination

A two-way ANOVA showed an important significant interaction
between the NaCl concentration and photoperiod (F'=5.383,
P=0.009, R?=0.92). To further investigate the effect of salt, an
exponential decay curve was fitted to the NaCl (12/12 h light/
dark) data (Fig. 3a). The highest germination (87%) was observed
when the seeds were exposed to no NaCl with germination
declining until none was recorded at 200mM NaCl, with
germination being reduced with increasing NaCl concentration
until no germination occurred at 200 mM NaCl. A sigmoid mode
best illustrated the effect of salt concentration on germination
of the seeds exposed to a 24-h continuous dark. The salt
concentration required for 50% reduction in germination was
119mM NaCl. The lowest (37%) germination was obtained at
150 mM NaCl (Fig. 3b). No statistically significant effect of
the variation of pH on germination was recorded for the pH
range 7—-10, although the final germination percent was generally
lower for pH values less than 7 (Fig. 4).

Effect of seed burial depth on seedling emergence

A sigmoid model of seedling emergence against burial depth
was fitted to the data (R*=0.97) as shown in Fig. 5. Seed
germination was highest when seeds were placed on the surface
(80%) or buried at only 0.2cm depth (78%). Increasing seed
burial depth beyond 0.5 cm reduced emergence sharply, with
no emergence recorded for seeds buried at depths of 1.5 and
2.0 cm. Using the fitted model, it is estimated that a burial depth
of 0.42 cm would reduce seedling emergence by 50% (Fig. 5).

Seed longevity

The overall germination percentage of N. glauca seeds declined
with duration of burial compared with (control) seeds that
were not buried (Fig. 6). The average germination of N. glauca
seeds kept in the room temperature remained at over 80%.
FG% started to decline slowly over the period of burial. In just
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Fig. 2. Seed germination of Nicotiana glauca in response to osmotic

potential (MPa) when incubated in a growth chamber at 30/20°C day/night
temperature over a (@) 12 Light:12 Dark and (b) 24 Dark for 30 days. Vertical
bars represent standard errors.

over 120 days, the germination percentage was reduced to 64%.
Subsequent tetrazolium testing demonstrated that the non-
germinated seeds had lost their viability.

Combined effect of heat-shock and smoke on germination

Germination patterns after the seeds were exposed to heat-shock
and combined heat-shock and smoke are shown in Figs 7 and 8.
The highest germination (100%) was obtained for the seeds
kept at room temperature, whereas germination percentages
remained high (exceeding 90%) for temperatures of up to
80°C. Germination percentages decreased sharply for seeds
exposed to 100°C, and no germination was observed when the
seeds were exposed to 130°C. The temperature required for
50% reduction in germination was 100.9 and 106.8 (°C) for
germination conditions of 12/12 h light/dark and 24-h continuous
dark, respectively. In contrast, when the seeds were exposed to
heat-shock and smoke water, the overall germination decreased
sharply. Subsequent tetrazolium testing demonstrated that the
non-germinated seeds had lost their viability.

Effect of radiant heat on seedlings

The leaves and above ground stems of all N. glauca seedlings
exposed to heat were killed by all radiant heat treatments.
However, seedlings exposed to 80°C and 110°C heat resprouted
after 9 days, whereas those exposed to 130°C and 160°C took
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Fig. 3. Effect of salt concentration of germination of Nicotiana glauca
seeds incubated in a growth chamber at 30/20°C day/night temperature
over (a) a 12 Light:12 Dark and (b) 24 Dark for 30 days. Vertical bars
represent standard errors of the means.

14 days to resprout. All the seedlings resprouted just below the
root collar.

Discussion
Effect of temperature and light on germination

Our study shows that germination of N. glauca seeds is influenced
by an interaction of exposure to temperature and light.
Temperature has generally been found to be one of the key factors
affecting the germination of seeds of many weedy species (Baskin
and Baskin 1998). Although a lower proportion of the seeds
germinated when exposed to continuously high temperatures (35/
30°C), it is clear that N. glauca has the ability to germinate over a
considerable range. This suggests that the overall regeneration
and potential spread of the species is not significantly limited by
seasonal temperature, and may readily germinate during late
winter/early spring and early summer months. Light also seems to
be a key environmental factor for N. glauca germination, with
germination lower at high temperatures under continuous
darkness. In part, this finding is supported by the rate of seedling
emergence in relation to burial depth, discussed in more detail
below.

Effects of osmotic potential, salt stress and pH on germination

Increased salinity was also found to cause a reduction in
germination of N. glauca seeds in this study, although a
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1001
_ 807 E(%) = 90/[1 + e(-(x-042)/0.15)]
9\1 R2=0.97
®
2 60+
[}
=
@
5 a0
(o]
=
3
@ 204
(7]
o 4
0.0 05 10 15 20 25
Burial depth (cm)
Fig. 5. Seedling emergence of Nicotiana glauca in response to seed burial

depth in a growth chamber at 30/20°C day/night temperature. Vertical bars
represent standard errors of the means.

proportion still germinated under high levels of salinity and at a
wide range of pH levels. Our study shows that germination
decreased from 85% to 58% as the osmotic potential decreased
from 0 to —0.2 MPa, and was completely inhibited at values
lower than —0.4 MPa. The findings indicate that osmotic stress
leads to decreased germination, confirming that this invasive
species requires high soil moisture for its germination. This is in
line with the findings reported by Cunningham et al. (1981) that
N. glauca stands were found mainly on stream floodplains and
drainage channels after summer floods in Australian arid and
semi-arid landscapes.

Our studies show that increasing concentration of NaCl
reduced the seed germination percentage under the both 12
light:12dark and 24 dark conditions. Germination at 50-150 mM
NaCl concentration was high, but was completely inhibited at
200 mM NaCl. This clearly shows that this species might occur
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Fig. 7. Effect of heat on seed germination of Nicotiana glauca incubated
at 30/20°C day/night temperature over a 24 dark for 30 days. Vertical bars
represent standard errors of the means.

in areas with high soil salinity although its invasive potential is
likely to be limited. Previous studies have shown that high
concentration of salt can inhibit seed germination (Kim and Park
2008). The authors pointed out that high concentration of salt
can directly affect the biosynthesis of gibberellic acid, which is
essential for breaking dormancy (Kim and Park 2008). This trait
gives N. glauca an advantage over native plants in more saline
conditions in the arid and semi-arid areas.

Hassan et al. (2014) conducted a study on the ecological
and phytochemical factors influencing N. glauca in Egypt,
examining levels of soil pH under N. glauca stands. They found
pH values ranging from 7.5 to 7. 9. Although it appears that
this species prefers slightly alkaline conditions, the high
germination rates over broad pH ranges indicate that pH may not
be alimiting factor for germination in most soils. Other studies on
invasive species such as Galenia pubescens (Mahmood et al.
2016) and Mimosa diplotricha (Chauhan and Johnson 2008)
were also able to germinate under a wide range of pH. This is
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Fig. 8. Effect of heat and smoke on seed germination of Nicotiana glauca
incubated at 30/20°C day/night temperature for 30 days. Vertical bars
represent standard errors of the means.

a trait that provides invasive species with a competitive
advantage during drought conditions.

Effect of depth of seed burial on seedling emergence

Our study showed that seedling emergence of N. glauca was
inversely related to the seed burial depth. Significantly larger
numbers of seeds germinated when they were placed on the
surface, but seedling emergence declined to 10% when seeds
were placed at a depth of 1cm. Previous studies on seed
germination and light have shown that light has varied effects on
different plant species (Baskin and Baskin 1998; Milberg et al.
2000). The results obtained from the effect of depth of seed
burial on seedling emergence are consistent with the light and
temperature study. Seeds buried at depths of more than 0.2 cm
below the soil surface receive only ~1% of the incident light
(Woolley and Stoller 1978). However, lack of emergence of
seeds buried deeper than 1 cm is likely due to the small seed size
of N. glauca, and it is suspected that the nutritional content of
the seed may be inadequate to facilitate emergence from lower
depths (Bewley and Black 1994; Chauhan 2013). In addition to
seed size, hypoxia and low rates of gaseous diffusion in soil may
act as a barrier for seed germination and subsequent seedling
emergence (Benvenuti ef al. 2001).

Combined effect of heat-shock and smoke on germination

Fire is a common phenomenon in the arid zones, and has
been used as a control technique to minimise the impacts of some
native weeds (see for example Gavel ez al. 2010). The role of fire
and smoke are considered to be two major factors in seed
germination. Despite its small seed size, results in this study have
shown that N. glauca seeds may withstand a certain amount of
heat-shock, although its seeds were more sensitive when they
were exposed to temperatures higher than 80°C. In addition, this
study has shown that the combined effect of heat-shock and
smoke inhibits the germination of this invasive species, causing
seeds to lose their viability. Similarly Read and Bellairs (1999)
conducted a study on the germination of native grass species in

The Rangeland Journal 423

response to plant-derived smoke. Although smoke was shown
to be an important environmental stimulus for breaking the
dormancy of native grasses, the response varied considerably
between different genera and between species of the same genus.
Of the 20 species examined, for only five species had smoke
affected the germination rate. These findings are contradictory to
other studies that showed improved germination when seeds
were treated with smoke water. The reduction in germination
reported here may be due to octanoic acid found in smoke water.
According to Stewart and Berrie (1979), germination may be
inhibited by the presence of the acid, as it has the ability to
damage the cell membrane of the seed. However, the validity
of this in the context of N. glauca needs to be determined by
further study.

Effect of radiant heat on seedlings

Prescribed burning has been used as one weed control strategy
in the arid zone of Australia (Leigh and Noble 1981) and
elsewhere (Lonsdale and Miller 1993; Gleadow and Narayan
2007). Our study shows that although the temperatures to which
the seedlings were exposed effectively killed the aboveground
plants, parts of the seedlings were able to resprout days after
their exposure. This is somewhat in contrast to the findings by
Miller (1988), who reported that young plants are vulnerable to
fire. The ability of adult plants to resprout was already reported
by Florentine and Westbrooke (2005), who observed that ‘dead’
shrubs of N. glauca were able to resprout either from the
branches or from close to the root collar immediately after a
sporadic rainfall event. Previous studies have emphasised the
need to place these invasive species under stress with herbicides
before the application of fire to increase mortality (Miller et al.
1981; Miller 1988). Although none of the heat-treated seedlings
were killed in our study, it is misleading to suggest that fire is
not a suitable control method for this species. We recommend
further examination of the effect of different durations of radiant
heat on N. glauca seedlings’ survival.

Conclusion

This study shows that the germination of N. glauca seeds is
affected by several factors. Although N. glauca seeds are able to
germinate under a range of temperature regimes, the highest
germination values were observed when the seeds were exposed
to alternating temperatures (30/20°C) and 12/12h light/dark
regimes. The osmotic potential study shows that this species is
highly sensitive to soil moisture for its germination, confining
it to areas along waterways, creek lines, and other high soil
moisture areas such as earth tanks, and roadsides in arid and
semi-arid landscapes.

Management implications

Although its ability to germinate under a wide range of
environmental conditions increases its invasive potential, the
viability of N. glauca seed declines substantially within the
period of a year. In areas where native vegetation has been
decimated, as often found around water points, the emergence or
persistence of the weed may result in stock losses. The study
highlights the need to prevent the development of a soil seed
bank. Our study also showed that fire alone may not be sufficient
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to kill individual plants, implying that larger infestations would
require an integrated management approach. The removal by
hand of individual plants should therefore be considered before
such plants can flower for the first time.
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