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Seeds of success: seed biology
and germination response of
Gazania weed in Australia
Muhammad Adnan, Babar Shahzad, Marisa Collins
and Ali Ahsan Bajwa*

Department of Ecological, Plant and Animal Sciences, La Trobe Institute for Sustainable Agriculture
and Food (LISAF), AgriBio, La Trobe University, Melbourne, VIC, Australia
Gazania (Gazania spp.) is a highly invasive plant which is emerging as a difficult-

to-control weed in grain production systems and grasslands in southern

Australia. Different populations of gazania were compared for their seed

morphology and germination response to various environmental factors

including temperature, photoperiod, moisture, salinity and pH. Seeds of four

populations of gazania were collected from contrasting geographic locations

(South Australia and Victoria) and land-use scenarios [roadside (Pop-1), fence line

(Pop-2), grain crop production field (Pop-3) and pasture field (Pop-4)] and

compared for their seed morphology and germination response to different

temperatures and photoperiods. The remaining germination experiments

(osmotic potential, salinity and pH) were then conducted using two

populations to compare two contrasting land use scenarios from the same

location (Pop-1 and Pop-3) out of the original four. In addition, the effect of

growing media and seed burial depth on seedling emergence of one population

(Pop-1) was also observed. The results indicated that seeds of a population

collected from a pasture field (Pop-4) were 75% heavier than the fence line

population (Pop-2). Seed length did not vary across populations, but the seed

width of a roadside population (Pop-1) was significantly less (37%) than a

population from a cropping field (Pop-3). Germination response was same

(>90%) in alternating light/dark (14/10 h) or complete dark (24 h) conditions. All

populations had >78% germination across a wide range of alternating day/night

temperatures (15/5, 25/15, and 35/25°C). Populations did not differ in their

germination response to moisture stress. Seeds did not germinate beyond -1.2

MPa water potential, while 50% germination inhibition occurred at -0.67 MPa.

Gazania seeds could germinate up to a high salinity level of 300 mM of sodium

chloride. Population 1 was more tolerant to salinity than Pop-3 with a 50%

reduction in germination occurring at 268 and 252 mM NaCl, respectively. The

pH did not affect germination irrespective of the population. Less seeds could

emerge from soil (32%) compared to sand (62%) and potting mix (69%). Seedling

emergence and root length decreased with increasing burial depth and no
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emergence was observed at 6 cm depth. However, these results represent a

single population tested in burial depth study. Despite some population

variations, gazania has flexible germination requirements potentially enabling

their invasion.
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1 Introduction

Weeds and invasive plant species cause tremendous economic,

environmental and social losses around the world with Australia

being no exception. In terms of agricultural production losses and

management interventions they cost over $5 billion to the

Australian economy each year (Australian Agricultural Statistics,

2024). Australia is a hotspot for numerous invasive plant species

that were either introduced as ornamentals or crop species or

arrived as seed or food contaminants. The weedy species of genus

Gazania are a prime example of such introduced, invasive plants

(Shahzad et al., 2025).

The genus Gazania belongs to the Asteraceae (daisy) family

which has sixteen herbaceous species all native to South Africa

(Howis et al., 2009). These are perennial plant species commonly

known for beautiful daisy flowers ranging in colors from red,

purple, yellow and bright orange. Gazanias were brought to

Australia as ornamental flowering plants and planted in lawns

and nature strips in many regions (EPLB, 2023). Two species of

this genus, Gazania linearis L. and Gazania rigens L., were

introduced in Australia in the 1950s and 1970s, respectively

(Weed Futures, 2024). While the two species can present some

differences in their morphology and growth habit, it is not always

easy to distinguish between them. For example, G. linearis mostly

grows upward with dark green leaves, while G. rigens spreads

horizontally forming mat like ground cover with hairy leaves

(Wine Australia, 2016). G. linearis is thought to be more widely

distributed across the south-eastern and western Australia,

including many inland arid regions, while G. rigens is generally

limited to coastal regions (Weeds of Australia, 2016). However, it is

suspected that these two species freely hybridize, producing massive

variation in growth habit and flowering color (Green Adelaide,

2023), which makes it difficult to classify them at species level.

Therefore, they are commonly referred to as gazania (the term used

hereafter). There is limited information available on their

hybridization and its role in overall invasion success.

Historically, gazanias were grown in gardens and along fences

as flowering plants (Groves et al., 2005). From there they ended up

in garden waste as lawn clippings, seeds or other live plant material

which helped them proliferate along roadsides and native

vegetation (Green Adelaide, 2023). Over time they have become
02
highly invasive and widespread across south Australia (Green

Adelaide, 2023) and parts of Western Australia. Gazania has been

declared as an environmental weed under the South Australia Act

2019 due to its increasing distribution and significant negative

impacts on native vegetation (Speirs, 2021). It is also ranked as

“very high-risk” category in the Advisory List of Environmental

Weeds in Victoria with extensive potential for further spread

(White et al., 2018).

Gazania is perennial in nature supported by shallow roots and

woody rhizome system. It can easily outcompete the native

vegetation by producing a monoculture groundcover depriving

other plants of resources such as nutrients, moisture and light.

The plants can grow up to an average height of 30 cm and produce

flowers year around but mostly in summer and spring. A single

flower can produce more than sixty hairy seeds with the ability to

easily spread by wind up to one kilometer, while some seeds land on

ground near the parent plant and germinate underneath to form

dense vegetation (Green Adelaide, 2023).

Due to its flexible growth requirements, gazania is now

widespread and naturalized in a variety of habitats including coastal

sand dunes, stream banks, wastelands, open grasslands, along

roadsides and on cultivated and irrigated sites (Speirs, 2021). While

gazania has long been considered as an environmental weed in

Australia, a trend of ‘jumping the fence’ has been observed in recent

years (McCallum, 2024; Shahzad et al., 2025) infesting grain crop

production fields in low-rainfall regions of South Australia. The

presence of gazania in cropping fields is proving highly problematic,

with farmers finding it difficult to control with common herbicides.

Marginal sandy lands with heavy infestations of gazania are quickly

becoming unproductive with crops quickly failing to compete with

drought hardy and vigorous Gazania plants.

The gardening industry promotes gazania as a hardy

ornamental, and it has been recommended as a successful

flowering plant which can grow in conditions of low moisture,

high temperatures and neutral pH (McIntosh, 2022). However, as

an invasive weed there has been no research on the biology and

ecology of these species. Better understanding of seed germination

biology with respect to different environmental factors is vital for

planning weed control. The germination of weed seeds and

emergence from soil are critical factors defining the survival and

establishment of weed species in an agroecosystem (Cochavi et al.,
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2018). Seed germination behavior of weeds is influenced by several

environmental factors such as temperature, light (photoperiod,

intensity and quality), soil pH, salinity, moisture availability, soil

type and seed burial depth (Chauhan and Johnson, 2010; Bajwa

et al., 2018; Hooda and Chauhan, 2024). Without understanding the

impact of these factors on seed germination behavior of any weed

species, it is difficult to understand its population dynamics and

potential controls.

Temperature is a major factor influencing seed germination rate

as it plays an important role in breaking seed dormancy (Baskin and

Baskin, 1998; Geneve, 2003). Knowing optimal germination

temperature could help predict the major emergence events in a

particular season, which can be exploited for weed management.

Similarly, moisture stress can reduce, delay, or prevent seed

gemination (Javaid et al., 2022) but some weeds could germinate

at very low moisture while others can stay dormant until the

moisture increases. Australian soils are highly variable in

moisture retention ability, pH, and salinity, which directly

impacts weed seed germination dynamics and overall weed

distribution (Chauhan, 2016; Bajwa et al., 2018; Loura et al., 2020;

Hooda and Chauhan, 2024). Species specific information on

germination behavior in relation to environmental and edaphic

factors is vital for weed management. This information is currently

lacking for gazania, which limits our understanding of its behavior

across a wide range of climatic and soil conditions.

Weed seeds collected from different geographic locations and

habitats can also display significant differences in their germination

response (Singh et al., 2022). Such variations in germination ecology

can have major influence on site-specific weed dynamics and

ultimately weed management. As gazania enters crop production

systems from non-cropped areas (roadsides or fence lines), its

germination behavior can change due to variable soil and land-

use conditions. However, there is no information available on seed

biology or germination triggers, which are crucial to developing any

management program. This understanding could provide crucial

insights into gazania spread from environmental settings to

cropping systems and be useful for future prevention and

management programs.

Keeping in view the above knowledge gaps, a series of controlled

environment experiments were carried out in this study to

understand the germination ecology of gazania. The specific

objectives were to:
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1. investigate the germination response of gazania to different

environmental factors, including alternating day/night

temperatures, photoperiod, osmotic potential, salt and pH;

2. determine the effect of soil burial depth on seedling

emergence of gazania; and

3. explore whether gazania populations collected from

different geographic locations and land-use scenarios

differ in their seed morphology and germination ability

across various environmental conditions.
The knowledge gained from this research would help predict

the key germination triggers for this species to enable timely

planning of management interventions. This understanding will

also help predict potential areas of its future spread in terms of

climatic suitability which is important for prevention and

proactive management.
2 Materials and methods

2.1 Seed collection and storage

Several thousand fully mature gazania seeds were collected in

brown paper bags from different locations across South Australia

and Victoria in November 2023. From this collection, four

populations were selected that belonged to contrasting geographic

locations and the land use types (Table 1).

For each population, seeds were collected from several plants

growing together in a thick dense stand and uniformly mixed in a

single paper bag to represent the population. Seeds were cleaned by

hand and examined physically by pressing and only mature,

blackish seeds were stored for further studies while immature and

empty seeds were discarded immediately. The fully matured filled

seeds were then dried in the laboratory (20-25°C) for five days and

placed in airtight plastic containers (separate for each population).

Silica beads (Desicco Pty Ltd, Australia) wrapped in a perforated

cloth envelops were placed at the bottom to absorb any remaining

moisture in the seed.

A preliminary seed germination test was carried out for

representative samples of each population at 25°C prior to the

experiments which resulted in >80% germination across the board

confirming there was no dormancy present. The seeds were stored
TABLE 1 The locations and land use situations for four gazania seed populations used in this study.

Population Location Latitude Longitude Land use

Population 1 (Pop-1) Loxton, SA 34.5075877′′S 140.5917366′′E Roadside

Population 2
(Pop-2)

Dowlingville, SA 34.393300′′S 137.903883′′E Fenceline/non-cropped area

Population 3
(Pop-3)

Loxton, SA 34.4835168′′S 140.5741792′′E Grain crop production field

Population 4
(Pop-4)

Wedderburn, Victoria 36.4259296′′S 143.6154822′′E Pasture field/edge of woodland
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in a cold room operating at 4°C with 15% relative humidity until the

start of the experiments.
2.2 Experimental design

All the experiments described below were laid out in a

completely randomized design with a factorial arrangement and

three replicates for each experimental unit unless stated otherwise.

All experiments were repeated once over time.
2.3 Seed morphology measurements

To assess the seed morphological characteristics, microscopic

studies were conducted for seed size measurements. Five replicates

(1 seed per replicate) from each population were randomly selected

and imaged with microscope (Zeiss Ltd, Germany) equipped with a

1x PanNeoFluar lens and a Axiocam 305 color digital camera

(Figure 1). The measurements of seed length and width were

taken from the images by using the software ImageJ (Java-based).

To evaluate the 100-seed weight (mg), three replicates with 100
Frontiers in Agronomy 04
seeds per replicate were randomly selected from each population

and weighed using a precision weighing balance which can measure

up to 4 decimal points (Ohaus Corporation, USA).
2.4 General protocol for seed germination
experiments

A series of experiments were conducted to evaluate the impact

of different environmental conditions, including alternating day/

night temperatures, light (photoperiod), moisture availability

(osmotic potential), salinity and pH on the seed germination of

four gazania populations. These experiments were carried out

during March to May 2024 at the Centre for AgriBioscience

(AgriBio), La Trobe University, Melbourne, Victoria Australia

(37. 7239232136′′S, 145. 0545055160′′E). Seed germination

response was observed in purpose-built incubators (LABEC®,

NSW, Australia) operating at chosen temperatures (described

below) and 45% relative humidity. Before germination

experiments, seeds were taken out of storage and sterilized by

dipping and shaking in 10% sodium hypochlorite (NaClO)

(Chem-Supply Pty Ltd®, Australia) for 15 minutes to avoid any
FIGURE 1

Seed images of different gazania populations used in this study taken with a camera microscope.
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fungal contamination. The seeds were thoroughly rinsed five times

with reverse-osmosis (RO) water to avoid any residual effect of

sodium hypochlorite. Seeds were then spread on a clean layer of

paper towels before placement in Petri dishes.

A single experiment was conducted to evaluate the effect of

three different temperatures and two photoperiods for all four

gazania populations. The remaining experiments then only used

two contrasting populations, Pop-1 and Pop-3. Thirty healthy

looking, filled seeds were uniformly placed onto a double layer of

Whatman 4 filter paper in a Petri dish (90 mm × 14mm, diameter ×

depth; Gamma Sterile, NSW, Australia) using laboratory forceps.

The filter papers were moistened with 5 mL of RO water or selected

treatment solution [polyethylene glycol (PEG), sodium chloride

(NaCl) or pH solution] just before seed placement by using 5 mm

micro pipette (Eppendorf®, Germany). Additional RO water or

other treatment solutions were added in small amounts (1–2 mL) to

the Petri dishes when needed throughout the experiment duration.

The Petri dishes were wrapped with 5 cm laboratory parafilm

(Bemis, USA) to reduce evaporation and ensure appropriate

moisture throughout the experiment.

After examining the effects of temperature and photoperiod on

seed germination in the first experiment, a day/night temperature of

15/5°C and a photoperiod of 14/10 h light/dark were selected as

optimal germination conditions as they resulted in the highest

germination percentage. All the rest of the experiments on seed

germination were conducted under these conditions. Seed

germination was recorded after every third day, and seeds with at

least 2 mm long radicle were considered germinated and were

removed after counting. Germination response was observed until

14 days after starting the experiment. Germination peaked 12 days

after the start and no germination was observed beyond 14 days. All

the germination data were recorded in numbers but reported as

a percentage.

2.4.1 Effect of temperature and photoperiod
The effect of temperature and light on seed germination of four

gazania populations was determined by incubating seeds at three

different alternating day/night temperatures (15/5, 25/15, and 35/

25°C) with two different photoperiods; 14/10-h light/dark and 24-h

dark (complete dark). The alternating photoperiod was adjusted

using the incubator settings while complete dark (24-h) conditions

were imposed by wrapping the Petri dishes with two layers of the

aluminum foil (Universal Choice, NSW, Australia). In completely

dark treatment, Petri dishes were not opened at three-day interval

like 14/10-h photoperiod and were only opened once at the time of

final germination count after 14 days. The data presented for this

experiment are based on 12 replicates, comprised of three pooled

replicates each of light/dark and complete dark conditions over

two runs.

2.4.2 Effect of moisture stress
Seven different levels of osmotic potential (−0.1, −0.2, −0.4,

−0.6, −0.8, −1.0 and −1.2 MPa) were imposed to investigate the

effect of moisture stress on seed germination of two gazania

populations. The moisture stress levels were chosen based on
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previous weed seed germination studies (Bajwa et al., 2018; Tang

et al., 2022). To prepare the aqueous solutions of the desired

concentrations of osmotic potential at 15/5°C (optimal

temperature determined in the first experiment), polyethylene

glycol (PEG) 6000 (Merck, Germany) was dissolved in required

quantities in RO water (Michel and Kaufmann, 1973). These

concentrations were adjusted by converting the osmotic potential

in bars into megapascals (MPa), and then calculations were done for

7.5°C which is the average of the optimal temperature regime i.e. 15/

5°C. The data presented for this experiment are based on 12

replicates, comprised of three pooled replicates of both

populations over two runs.

2.4.3 Effect of salt stress
To investigate the effect of salt stress on seed germination of

gazania populations, seven salinity levels (25, 50, 100, 150, 200, 250

and 350 mM) were established. The aqueous solutions of desired

concentrations were prepared using the laboratory grade NaCl.

These levels were chosen based on the available literature and the

fact that most plant species are unable to germinate beyond the

highest level chosen (Bajwa et al., 2018; Loura et al., 2020; Hooda

and Chauhan, 2024). The data presented for this experiment are

based on six replicates, comprised of three replicates of each

population pooled for two runs.

2.4.4 Effect of pH
To evaluate the effect of pH on seed germination, seven levels of

pH (4, 5, 6, 7, 8, 9 and 10) were established. The buffer solutions of

pH ranging between 4 to 10 were made following the protocol

established by Chachalis and Reddy (2000). Briefly, a 2 mM MES

solution [2-(N-morpholino) ethanesulfonic acid] was used to make

solutions with pH 4, 5, and 6. The solutions of pH 7 and 8 were

prepared by using 2 mM solution of HEPES [N-(2-hydroxymethyl)

piperaziine-N’- (2-ethanesulfonic acid)], while 2 mM tricine [N-

Tris (hydroxymethyl)] was used to prepare solutions of pH 9 and

10. All the solutions were then adjusted one by one and exact pH

values were obtained by slowly adding sodium hydroxide (NaOH)

or 0.1 N hydrogen chloride (HCl) as measured by a pH meter

(Hanna, Romania). For control treatment RO water was used. The

pH of RO water was 6, so it served as the control treatment as well

as one of pH gradient levels. The data presented for this experiment

are based on six replicates, comprised of three replicates of each

population pooled for two runs.
2.5 Effect of burial depth on seedling
emergence and vigor

A separate experiment was conducted by using one population

of gazania (Pop-1) and repeated once over time to evaluate the effect

of different seed burial depths. We used a single population because

weed populations have not been reported to differ much in terms of

emergence patterns from different burial depths (Mutti et al., 2019;

Singh et al., 2022). Seeds were buried at 0 (surface), 0.5, 1, 2, 4 and 6

cm depths in three growing media (soil, sand and potting mixture)
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in 85 mm square pots that were 90 mm deep. The physico-chemical

properties of different growing media are presented in Table 2. The

experiment was carried out in a glasshouse operating at day/night

temperatures of 22/16°C at 16/8 h day/night photoperiod and 40%

relative humidity. Twenty, healthy viable seeds of uniform size were

placed at respective depths and covered with the respective

medium. The pots were manually irrigated as needed in the form

of mist using a handheld water sprayer to avoid seed disturbance.

Seedling emergence was recorded at 3 days intervals for 21 days

after sowing. After 21 days, five seedlings per replicate were

randomly selected and carefully removed from the growing media

and washed with tap water for shoot and root length measurements.

The data presented for seedling emergence are based on six

replicates, comprised of three replicates pooled for two runs.

Seedling shoot and root length data are based on six replicates

(with five seedlings measured per replicate), comprised of three

replicates pooled for two runs.
2.6 Statistical analyses

The analysis of variance (ANOVA) was performed which

showed there was no significant difference between the two

experimental runs (Statistix 8.1). Therefore, data from both

experimental runs were combined for all parameters before

further analysis. In the case of temperature and photoperiod

experiment, treatment means were separated using the least

significant difference (LSD) test at 1% probability of error (P <

0.01). The treatment means were presented in bar charts with ±

standard errors (SE) of the means.

For osmotic potential, salinity and burial depth experiments,

data were analyzed using the relevant regression models through

SigmaPlot software given the quantitative nature of the treatments

(Version 15, Grafiti LLC, California, United States; Supplier: 4am

Software). The coefficient of determination (R2) value was used to

determine the model goodness of fit. Across different parameters, a

three-parameter sigmoid (Equation 1) or a three-parameter

gaussian regression model (Equation 2) was applied to the data:

G   or   E =
a

1 + exp − ½x−x0b � (1)

E = a� exp   −0:5½x − x0
b

�2
n o

(2)

In the equations above, G or E represent germination or

emergence percentage, a represents maximum germination or

emergence, b represents the slope and x0 is the level of treatment
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variable at which 50% inhibition of maximum germination or

emergence occurred. The effect of different pH levels was non-

significant, so regression analysis was not feasible.
3 Results

3.1 Seed morphology

Four populations of gazania differed significantly in terms of

their seed weight and seed width (P < 0.01), but no difference was

observed for seed length (P = 0.14; Figure 2). Population 4 had the

highest seed weight (55 mg), while Pop-2 represented the lowest

seed weight (31 mg). The seeds of Pop-3 were wider (2.6 mm) than

those of Pop-1 (1.9 mm; Figure 2).
3.2 Effect of temperature and photoperiod

Photoperiod did not affect the seed germination (P = 0.11), so

data were pooled across temperature and photoperiod. Significant

differences were observed among populations, temperature regimes

and due to their interaction (Figure 3). Overall, all gazania

populations germinated at all three alternating day/night

temperature regimes (15/5, 25/15, and 35/25°C). The highest

germination (98%) was observed for Pop-3 at 15/5°C, while the

lowest germination (79%) was observed for Pop-2 at 25/15°C.

Individually, 15/5°C day/night temperature regime resulted in

maximum germination (95%), while the germination was lower at

25/15°C (90%) and 35/25°C (89%) (Figure 3). Populations 1, 3 and

4 all germinated equally well (all >90%) as compared to Pop-2

(83% germination).
3.3 Effect of moisture stress

The two gazania populations studied (Pop-1 and Pop-3) did not

differ in terms of their germination response to different osmotic

potential levels (P = 0.21), so the data were pooled for both

populations before regressing the effect of osmotic potential.

Germination decreased in a non-linear, sigmoidal fashion as the

osmotic potential reduced from 0 to -1.2 MPa (Figure 4). The

highest germination (98%) was recorded at no water stress control

and the lowest germination (<1%) was recorded at the highest

moisture stress level (-1.2 MPa osmotic potential). Fifty percent

inhibition of germination was predicted to occur at osmotic

potential of -0.67 MPa (Figure 4).
TABLE 2 Physico-chemical properties of different growing media used for burial depth experiment.

Growing media pH EC (mS cm-1) Porosity (%) Bulk density (g cm-3) Water holding capacity (%)

Soil 5.7 0.137 58.5 1.1 31.5

Sand 5.9 0.007 39.6 1.6 2.9

Potting mix 5.9 0.876 62.3 1.0 63.1
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3.4 Effect of salt stress

Salt stress significantly affected germination of gazania populations

and there were significant interactions between salinity levels and

populations (P < 0.01). Seeds of both populations germinated at up

to 250 mM NaCl concentration (Figure 5). Population 3 was more

affected by salinity as 50% of germination inhibition was observed at

252 mM NaCl concentration compared to 268 mM required for 50%

germination inhibition of Pop-1 (Figure 5).
3.5 Effect of pH

There was no significant difference between gazania

populations and also between pH levels studied (4 to 10;

Figure 6). Overall, both populations germinated more than 85%

across all the tested pH levels and germination ranged between 87

to 98%.
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3.6 Effect of burial depth on seedling
emergence and vigor

The interaction of seed burial depth and growing media

significantly affected the gazania seedling emergence (P < 0.01).

Growing media also differed significantly in terms of seedling

emergence with the highest emergence observed in sand, followed

by potting mix and the lowest emergence in soil (Figure 7).
FIGURE 2

Seed morphologymeasurements, including (A) seed weight, (B) seed
length and (C) seed width of four different populations of gazania. Data
and error bars represent the means and ± SE of the means, respectively
[number of replicates = 3 for seed weight (100 seeds per replicate);
number of replicates = 5 for seed length and seed width (single seed
per replicate)]. LSD is the least significant difference value for mean
comparison at P ≤ 0.01.
FIGURE 3

The seed germination percentage of four gazania populations at
three alternating day/night temperature regimes (15/5, 25/15 and 35/
25°C) after 14 d of incubation. Data and error bars represent the
means and ± SE of the means, respectively (number of replicates =
12; pooled for three replicates each of light/dark and complete dark
conditions over two runs; 30 seeds per replicate). LSD is the least
significant difference value for mean comparison at P ≤ 0.01.
FIGURE 4

Effect of different water potential (MPa) levels on the seed
germination of gazania after 14 d of incubation at alternating day/
night temperatures of 15/5°C. Data are pooled for two populations
(Pop-1 and Pop-3) due to non-significant difference between
populations. The trend line represents a three-parameter sigmoidal,
non-linear regression model fitted on the pooled data of two
populations. The data points and error bars represent the means and
± SE of the means, respectively (number of replicates = 12; pooled
for three replicates of both populations over two runs; 30 seeds
per replicate).
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Increasing burial depth caused a non-linear reduction in seedling

emergence. A 50% reduction in seedling emergence was predicted

to occur at 1.6, 2.0 and 3.9 cm seeding depth in soil, sand and

potting mix, respectively (Figure 7).

Similar effect was observed for seedling vigor as measured in the

form of shoot and root length (Figures 8, 9). The interaction of seed

burial depth and growing media significantly affected the gazania

shoot and root length (P < 0.01). In terms of growing media,

maximum shoot length was observed in sand, then potting mix, and

the lowest shoot length was observed in soil (Figures 8). On the
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other hand, root length was the highest in potting mix followed by

soil and the lowest in sand (Figures 9). Seeds that emerged from

surface had the longest roots (13 cm) compared to those that

emerged from 4 cm burial depth (root length 3 cm).
4 Discussion

This study clearly shows that gazania has a flexible germination

across a wide range of climatic or edaphic conditions. Although a

perennial with a tendency to actively grow during warmer months

(spring to summer), the ability to germinate at relatively cold

temperatures is the main reason for year-round seedling

recruitment from seed banks. While different populations differed

in some aspects of seed biology, overall, this weed demonstrated

very high germination rates (>80%) across normal or minimal stress

conditions. These findings illustrate why gazania is highly invasive

and widespread in most parts of Australia.
4.1 Seed morphology

Intraspecific variation in morphological traits of weeds is a well-

known phenomenon. Environmental factors and land management

practices prevailing during plant growth and especially during seed
FIGURE 5

Effect of different sodium chloride concentrations (mM) on the
germination of two gazania populations (Pop-1 and Pop-3) after 14
d of incubation at alternating day/night temperatures of 15/5°C. The
trend lines represent three-parameter sigmoidal, non-linear
regression model fitted separately on data of two populations. The
data points and error bars represent the means and ± SE of the
means, respectively (number of replicates = 6; three replicates of
each population pooled for two runs; 30 seeds per replicate).
FIGURE 6

Effect of different pH levels on the germination of two gazania
populations (Pop-1 and Pop-3) after 14 d of incubation at alternating
day/night temperatures of 15/5°C. Data and error bars represent the
means and ± SE of the means, respectively (number of replicates =
6; three replicates of each population pooled for two runs; 30 seeds
per replicate). The effect of populations, pH levels or their
interaction was non-significant.
FIGURE 7

Effect of seed burial depth on the emergence of gazania seeds in
(A) potting mix, (B) sand and (C) soil as recorded 21 d after sowing.
The trend lines represent three-parameter sigmoidal, non-linear
regression model fitted. The data points and error bars represent the
means and ± SE of the means, respectively (number of replicates =
6; three replicates pooled for two runs; 20 seeds per replicate).
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production directly affect seed health (Fenner, 1991). Seeds of a

population collected from a pasture field were heavier than a fence

line population, probably due to additional nutrient availability and

better growing environment during plant growth and seed

development stages. On the other hand, plants growing along the

fence line often experience hostile conditions with poor nutrient

availability and strong competition from other weeds (Johnson

et al., 2022). Phenotypic variation across populations may also be

driven by genetic variation with gazania species prevailing in

Australia likely to be genetically diverse and there are suggestions

that at least two species hybridize.
4.2 Effect of photoperiod

Light is a crucial factor affecting seed germination and the seeds

of many plant species require light to start their germination.

However, some species do not have strong light requirements for

germination (Baskin and Baskin, 1998). In our study, similar seed

germination response in alternating light/dark and complete dark

conditions suggests that photoperiod is not a limiting factor for

gazania germination and it’s a non-photoblastic weed. A similar

seed germination response to light and dark conditions has been
Frontiers in Agronomy 09
reported for another Asteraceae weed, Centaurea balsamita L

(Nosratti et al., 2017). The ability to germinate equally good

under light or dark conditions means the seeds of this species

have the potential to germinate under shade or when buried in soil

as well as from the soil surface. Therefore, farming practices

including mulching, or no till farming may have no significant

influence in terms of its control.
4.3 Effect of temperature

With above 75% germination across all temperature regimes

tested in this study, gazania has the potential to germinate across all

seasons in most parts of Australia. While the highest seed

germination was observed at low temperature (15/5°C) which

could be considered as optimum seed germination temperature

for gazania. However, it is important to note that the germination at

higher temperatures was also close to the low temperature. In the
FIGURE 8

Effect of seed burial depth on shoot length of gazania seedlings
emerged in (A) potting mix, (B) sand and (C) soil as recorded 21 d
after sowing. The trend lines represent three-parameter sigmoidal
(A, B) or gaussian (C), non-linear regression models fitted to the
data. The data points and error bars represent the means and ± SE
of the means, respectively (number of replicates = 6; three
replicates pooled for two runs; 5 seedlings per replicate).
 FIGURE 9

Effect of seed burial depth on root length of gazania seedlings
emerged in (A) potting mix, (B) sand and (C) soil as recorded 21 d
after sowing. The trend lines represent three-parameter sigmoidal
(A, B) or gaussian (C), non-linear regression models fitted to the
data. The data points and error bars represent the means and ± SE
of the means, respectively (number of replicates = 6; three
replicates pooled for two runs; 5 seedlings per replicate).
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gardening sector, the ideal recommended temperature for gazania

seed germination is 21-24°C (Smokeye’s Gardens, 2024; Shahzad

et al., 2025). High seed germination across such a wide window

means temperature is not a limiting factor either just like light

conditions. This means germination could occur all year round,

making its management more difficult.

This type of seed germination ability across a wide range of

alternating day/night temperatures has been reported in some other

Asteraceae weed species, including hairy fleabane (Conyza

bonariensis L.) (Loura et al., 2020) and hairy beggarticks (Bidens

pilosa L.) (Chauhan et al., 2019). While it is important to know that

gazania seeds can germinate at a wide range of temperatures, it will

be crucial to understand the growth and reproductive response of

this species across a temperature gradient to understand the full

invasion ecology. For example, growth and development response

under high and low temperatures could reveal how gazania would

behave and spread in a changing climate.
4.4 Effect of moisture stress

Moisture is often a significant factor affecting weed seed

germination. Moisture stress can reduce, delay, or prevent seeds

from gemination (Javaid et al., 2022). The results from our study

indicate that gazania has great potential to germinate at high

osmotic stress levels as 50% percent inhibition of germination

was predicted to occur at osmotic potential of -0.67 MPa.

However, osmotic stress levels higher than that had negative

impact on germination, suggesting moisture is a key factor in

gazania seed germination. This is similar to Lamsal et al. (2019)

who found 50% inhibition of germination at the osmotic potential

of -0.67 MPa in another Asteraceae weed, floss flower (Ageratum

houstonianum L.).

Inhibition of seed germination at higher osmotic stress levels

was likely due to low water availability to seeds for imbibition and

activation of metabolic processes required to trigger germination.

Only less than 1% seeds could germinate at the highest level of

osmotic stress. This type of seed germination ability under low

levels of moisture availability is not very common but has been

observed in some invasive weeds, especially those from Asteraceae

family, including C. balsamita, ragweed parthenium and Sumatran

fleabane (Conyza sumatrensis L.) (Nosratti et al., 2017; Bajwa et al.,

2018; Mahajan et al., 2021).

Our findings suggest that gazania has high potential to

germinate with little available moisture and this attribute could

help it to establish and outcompete other species in drought

conditions. This would mean increased invasion into arid zones

of Australia, which is probably well underway currently. It is

important to understand if the seedlings can survive under such

water-limited environments after the initial germination

and establishment.
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4.5 Effect of salt stress

Soil salinity is a major factor influencing agriculture crop

production globally, including Australia (Rengasamy, 2010).

According to Chauhan (2016), soil is considered to have high salt

contents if it contains more than 100 mM NaCl. It is clear from our

results that gazania populations were tolerant to fairly high levels of

salt stress, but the two populations differed in their response. Higher

salinity tolerance in the roadside population (Pop-1) could be

because those areas are often exposed to more pollutants as

compared to cropping situations. Our results are in line with the

research findings of Loura et al. (2020), who also observed

significant differences among hairy fleabane populations at

different salinity levels. This type of seed germination ability at

very high salinity levels has been reported in some other Asteraceae

weed species such as tropic ageratum (Ageratum conyzoides L.)

(Desai et al., 2024), hairy beggarticks (Chauhan et al., 2019) and

ragweed parthenium (Bajwa et al., 2018). The complete inhibition

of gazania germination happened only at the very high salinity level

(350 mM), which is often due to ion toxicity causing disturbance in

physiological and metabolic processes (Farooq et al., 2015).

High salt tolerance in gazania is worrying yet unsurprising as

these species exist in coastal environments in their native range

(South Africa) and therefore, have probably evolved to tolerate salt

mist from sea. Unfortunately, widespread dryland salinity in many

marginal agricultural lands of Australia (Rengasamy, 2010) could

prove perfect habitat for gazania. Some inland incursions into

dryland cropping systems could be the early signs of this trend.

However, it will be important to study the growth response of

gazania to salt stress to get a full picture of potential future spread

into regions with salinity problem.
4.6 Effect of pH

Soil properties can impact weed seed germination. Most weeds

have the ability to tolerate and germinate over a broad range of pH

levels (Bajwa et al., 2018), but some weeds cannot tolerate highly

acidic or basic conditions (Stokes et al., 2011). In our study, pH

seemed to be not a limiting factor as gazania seeds successfully

germinated at pH 4 to 10. Unfortunately, these pH levels cover most

of the Australian soils (de Caritat et al., 2011). This attribute of seed

germination across the board has been observed in hairy fleabane

(Shrestha et al., 2022), ragweed parthenium (Bajwa et al., 2018), and

C. balsamita (Nosratti et al., 2017). It is important to note that other

soil properties could also play an important role in weed

establishment and pH may not be the critical factor. However, in

some areas of Australia where soil amelioration practices are

undertaken in conservation tillage systems to fix soil constraints,

the effect on germination ability of species like gazania should

be studied.
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4.7 Effect of burial depth on seedling
emergence and vigor

The higher emergence of gazania in sand explains why this

weed is more prevalent in marginal sandy soils in southern

Australia. Reduction in emergence from deeper layers of soil was

expected as most small-seeded Asteraceae weed species present this

behavior. This might be due to low energy reserves in seed and

lower gaseous diffusion and hypoxia at deeper depths. Decreased

seedling emergence in response to increased burial depth has been

observed in hairy beggarticks (Chauhan et al., 2019). The

differential response was observed in shoot and root elongation of

gazania in different growing media. This might be due to variations

in physio-chemical properties of growing media such as pH, E.C,

porosity, bulk density and water holding capacity.

These results suggest that gazania could become a highly

challenging weed in conservation tillage systems widely adopted

in grain production regions across Australia. However, it is

important to note that our study only evaluated a single

population. While there is little evidence of significant

intraspecific variation in terms of seedling emergence from

different depths in small-seeded weed species, potential

differences among gazania populations cannot be ruled out.

Strategic deep tillage can be used to bury the seeds at a depth of 6

cm or more from where they cannot emerge (Chauhan and

Johnson, 2010). This could be a good management strategy in

highly infested cropping fields. However, the tillage may increase

gazania infestations by distributed underground rhizomes.

Therefore, further research on the role of mechanical disturbance

including tillage should be explored as part of integrated weed

management (IWM) strategies.
5 Conclusion

Our results strongly suggest that gazania seeds have potential to

germinate over a wide range of environmental conditions. The

populations differed in terms of seed weight and seed width and

their germination response to temperature and salt stress gradients.

This could make management of different populations more

complicated. Non-reliance on light conditions for germination

suggests that this weed can emerge in land-use scenarios with

different levels of residue management, mulching or shading.

High seed germination across populations (>75%) over a wide

range of alternating day/night temperatures (15/5, 25/15, and 35/

25°C) suggests that gazania could become a problematic weed

across all seasons in most parts of Australia while it has low

dormancy levels which can lead to potential high infestation

levels. Similarly, high tolerance to osmotic and salt stress and

flexibility of germination across acidic to alkaline environments

means this weed has features to establish in most parts and soil

types across Australia. The seedling emergence of the tested

population was high from the surface and shallow depth, but

some seeds could emerge from up to 5 cm burial depth. While

further populations should be compared for emergence response
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under field conditions, these preliminary findings suggest this weed

has the potential to develop significant seedbank in Australian no-

till grain production systems.

This knowledge on seed germination triggers and emergence

dynamics should help to predict potential regions of spread of

gazania and help develop and apply management strategies with

respect to different environmental conditions. While this

information is crucial for managing this highly problematic weed

at the establishment stage (germination and emergence), further

research is needed on growth and reproductive response of gazania

to different environmental conditions. This will help understand the

invasion ecology and develop long-term management strategies for

different land-use scenarios for this weed, which is rapidly

spreading across Australia.
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