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Abstract: Avena sterilis ssp. ludoviciana (hereafter, A. ludoviciana) is considered the most difficult-to-
control winter weed in the Northern Grains Region (NGR) of Australia. The abundance of this weed
has increased after the adoption of the no-tillage conservation agriculture (NTCA) approach, which
does not bury seeds deep in the soil profile. In addition, the increasing frequency and intensity of
drought stress events during the late winter to early spring period in the NGR may modify this weed’s
persistence mechanisms, which may further impact crop production. The present study focused
on plant maturity time and seed production, dormancy, and longevity of four NGR A. ludoviciana
biotypes in relation to the severity of drought stress over 2 consecutive years. Plants of all four
A. ludoviciana biotypes were grown under 100% plant available water capacity (PAWC) until panicle
initiation. At panicle initiation, very mild (80% PAWC), mild (60% PAWC), moderate (40% PAWC),
and severe (20% PAWC) drought stresses were imposed on plants and continued through to maturity;
an additional subset of plants were maintained at 100% PAWC through to maturity (control). Plants
exposed to severe drought stress matured 24 days earlier than control plants, and produced 34%
fewer filled seeds, with seeds having a 42% lower mass, 70% less dormancy, and shorter predicted
longevity of at least 2 years compared to the seeds produced on control plants. All reproductive traits
were less affected when the severity of the drought stress was decreased. The increasing frequency
of drought stress in combination with the widely adopted practice of NTCA favours seeds of A.
ludoviciana to undergo rapid germination in the following autumn/winter NGR planting season.
However, effective control of A. ludoviciana remains a challenge in the NGR due to this weed’s genetic
variability with respect to its response toward the seasonal variability of the NGR.

Keywords: climate change; drought stress; no-tillage; conservation agriculture; wild oat maturity;
seed dormancy; seed longevity

1. Introduction

Most crop production in the Northern Grains Region (NGR; comprising parts of
Queensland and the whole of New South Wales) of Australia is conducted under dryland
or rainfed conditions [1]. Farmers of the NGR usually fallow their land during the summer
season to conserve soil water to grow crops through the drier winter months [2]. To
maximise the conservation of soil water, farmers commonly adopt a no-tillage conservation
agriculture (NTCA) approach. The NTCA approach is implemented in 90% of the cropped
area of the NGR [3]. However, drought events, which are natural and periodically recurring
features of the NGR environment, are growing in frequency and intensity due to climate
change [4]. The combined effect of NTCA and climate change has contributed to the
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increased abundance of weeds [5,6], like wild oats (Avena spp.; the major winter weeds in
the NGR), and the severity of their infestation within crops.

The impact of drought stress on plant survival can vary. However, both weeds and
crops generally follow the same physiological mechanisms for survival against drought.
When the amount of soil water is moderately or severely limited, the first response of
plants is to reduce their transpirational water loss [7,8], which results in a decrease in
photosynthesis [8–10]. Such stress responses disrupt carbohydrate metabolism, which
ultimately reduces the export rate of assimilates from source (leaves) to sink (seeds) [11,12].
Conversely, water-stressed plants translocate relatively more assimilates to their roots to
improve water uptake; however, due to a lack of photosynthesis, the absolute transfer rate
to the roots is still less than under optimum conditions [13–16]. The reduced availability
of assimilates to above-ground tissues under drought stress can therefore result in plants
producing seed prematurely with low seed fill rates [17]. A drought stress event during the
seed development stage may therefore reduce the time to plant maturity, seed production,
and seed mass, which will have a negative impact on plant reproductive biology. However,
the magnitude of these changes will largely depend on the severity of drought stress.

Reductions in soil water availability were reported to adversely affect aspects of
vegetative growth and the seed production rate from wild oat (Avena fatua L.) plants [18].
On the other hand, drought stress during vegetative development is known to speed up
the shedding of A. fatua seeds and produce seeds with reduced dormancy [19,20]. Such an
effect of drought is even seen when drought stress occurs at the time of anthesis, with both
timings of stress (either at the vegetative or reproductive phase) promoting mass seedling
emergence at the beginning of the next cropping season [19–21]. However, the effect of
drought stress on the most dominant wild oat species (A. sterilis (L.) ssp. ludoviciana (Durieu)
Nyman; hereafter, A. ludoviciana) in the NGR is unknown. This information is important
for the management of this weed under the present climate scenario, where the intensity
and frequency of drought stress periods are increasing in the NGR [22], particularly during
the late winter/early spring period when A. ludoviciana seeds are formed and undergo fill.
In addition, earlier studies on A. fatua used only a single intense soil water stress treatment.
Therefore, the existing knowledge of A. fatua is not comprehensive enough to predict the
effect of a range of soil water stresses on A. ludoviciana’s survival mechanism(s). Moreover,
aspects of the seed biology of these two Avena species are different, with the primary and
secondary seeds of A. ludoviciana shedding together as a single unit, while in A. fatua, they
shed individually. This variation in the seed shedding mechanism, coupled with the known
differences in the dormancy behaviour of primary and secondary seeds, may impact upon
the management strategy developed for these two species [23].

Our previous study [24] reported how elevated temperature affects the reproductive
biology (plant maturity time and seed production, dormancy, and longevity) of four NGR
A. ludoviciana biotypes. In the present study, we used the same biotypes to understand
the impact of drought stress severity on A. ludoviciana reproductive biology. Our goals
in this study were twofold: (1) to determine the differences in plant maturity time of
A. ludoviciana biotypes when different levels of soil water stress were applied during their
seed development; and (2) to determine seed production, mass, dormancy, and longevity
in relation to the severity of the soil water stress treatment. This knowledge is critical
for understanding the A. ludoviciana ecological response and persistence mechanisms
within the NGR under the growing frequency and intensity of drought stress events. This
knowledge will aid in the development of effective management strategies for this weed
under a NTCA system.

2. Materials and Methods
2.1. Biotypes Used

Avena ludoviciana spikelets were collected from four locations within the NGR, where
wheat (Triticum aestivum L.) crops have been cultivated for >30 years following the NTCA
approach. Among the sites selected, two were from northern locations: Biloela 1 (−24.3547,
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150.4977) and Biloela 2 (−24.3504, 150.4977); and two were from southern locations:
Toobeah (−28.3679, 149.5219) and Jandowae (−26.6672, 151.0246). During the seed devel-
opment stage (August to October, 2015 to 2017), the biotypes grown in the northern and
southern locations received an average rainfall of 34 and 47 mm, respectively (Table 1). The
definition of spikelet, and primary and secondary seed/caryopsis, are described by Ali
et al. [25]. In this present study, a seed of Avena spp. is defined as a caryopsis surrounded
by a palea and a lemma. Generally, Avena spp. produces two types of seed (a larger one
referred to as the primary seed, and a smaller one referred to as the secondary seed) in
the same spikelet (Figure 1). From each site, spikelets were collected in November 2017
from A. ludoviciana plants at their senescence phenophase. Site sampling used a W-shaped
transect. The sampling point started 10 m from the paddock edge and terminated at a
depth of 50 m into the paddock. Along the transect, 1000 spikelets were collected, then
air dried for 3 to 4 days at a shaded place, before being stored in paper bags at 15 ± 2 ◦C
temperature and 15 ± 5% relative humidity (RH) under dark conditions. The spikelets
were stored for 6 months before they were used in the first trial and for 18 months before
being used in the second trial.

Table 1. Monthly average rainfall (mm) of the seed collection sites of Avena sterilis ssp. ludoviciana
biotypes during their seed development time from August to October, 2015 to 2017. The rainfall
data were collected from the nearest weather station to the seed collection sites (source: Bureau of
Meteorology, Australian Government; www.bom.gov.au (accessed on 10 August 2021). The data
were taken from 2015, 2016, and 2017.

Location Year
Monthly Average Rainfall (mm) 3-Month Average

Rainfall (mm)August September October

Northern NGR Biloela
2015 43.0 26.2 79.6 49.6
2016 9.8 28.2 16.6 18.2
2017 14.0 0.0 87.8 33.9

Northern NGR 3-year average 22.3 18.1 61.3 33.9

Southern NGR

Toobeah

2015 30.0 3.0 12.0 15.0
2016 73.0 114.0 33.0 73.3
2017 9.0 0.0 118.0 42.3

3-year average 37.3 39.0 54.3 43.6

Jandowae

2015 39.6 23.6 65.8 43.0
2016 48.0 113.6 23.2 61.6
2017 4.2 1.2 137.4 47.6

3-year average 30.6 46.1 75.5 50.7

Southern NGR 3-year average 33.8 42.6 64.9 47.2

2.2. Experimental Design and Treatment Setup of Pot Trial

The experiment was conducted at The University of Queensland, Gatton campus
(−27.5540, 152.3390), Australia. The pot trial was carried out in a completely randomised
design, with six replications between June to October 2018 and again between the same
months the following year. Before starting the experiment, the plant available water
capacity (PAWC) of the black Vertosol soil (50% clay, pH 7.3; obtained from the UQ Gatton
Research Farm) was determined using the pressure-plate extraction method [26]. From the
seed lots, 100 spikelets were randomly taken from each biotype. The primary seed was
then isolated from each spikelet and dehulled (removal of palea and lemma) to undergo
germination in an incubator that was set at 15/5 ◦C, 47 ± 2% RH, and a photoperiod of
12/12 h light/dark. Subsequently, three healthy seedlings were transplanted into a 20 cm
diameter × 19 cm height plastic pot that contained 4.5 kg of Vertosol soil. Each biotype
received a total of 30 pots.

www.bom.gov.au
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Figure 1. Spikelet characteristics of Avena sterilis ssp. ludoviciana and Avena fatua (A) showing spike-
lets on a panicle head and (B) a spikelet of A. ludoviciana and A. fatua. The left-hand insert shows a 
primary and secondary seed of A. ludoviciana, with the primary seed having an abscission scar at its 
base, while the secondary seed ends in a stalk. The right-hand insert shows a primary and secondary 
seed of A. fatua, with each seed having an abscission scar at its base. 

Figure 1. Spikelet characteristics of Avena sterilis ssp. ludoviciana and Avena fatua (A) showing
spikelets on a panicle head and (B) a spikelet of A. ludoviciana and A. fatua. The left-hand insert shows
a primary and secondary seed of A. ludoviciana, with the primary seed having an abscission scar at its
base, while the secondary seed ends in a stalk. The right-hand insert shows a primary and secondary
seed of A. fatua, with each seed having an abscission scar at its base.

Plants were grown to maturity in a greenhouse under ambient conditions of 23/12 ± 2 ◦C
thermoperiod under a natural day/night photoperiod, and 60 ± 5% RH, determined by TGP-
4520 Tinytag Plus 2 logger (Gemini Data Loggers Ltd., Chichester, UK). The soil water content
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of the pots was maintained at a gravimetric 100% PAWC until panicle initiation (for Biloela
1 and Biloela 2, the panicle emergence took place 58 days after planting; for Toobeah it was
63 days; and for Jandowae it was 65 days). At this time, the various soil water stress treatments
(Table 2; six pots were used per biotype per treatment) were imposed and continued until
harvest. After panicle initiation, it took approximately 4, 3, 2, and 1 days for 20, 40, 60, and
80% PAWC treatments, respectively, to dry down to their target soil water levels. The soil water
content of the pot was determined by weighing each pot every 2 days. To account for the weight
of the growing plants, extra plants were grown under each treatment and sacrificed at panicle
initiation, and thereafter at 10-day intervals until maturity, to determine an above-ground plant
weight. The soil water content of the pots was maintained according to the weight of the pot
and considering the weight of the plant.

Table 2. The calculated soil water contents used in the treatments (percentage of plant available water
capacity; % PAWC) that were applied to four Avena sterilis ssp. ludoviciana biotypes collected from
the Northern Grains Region. The soil water stress treatments were applied at the time of panicle
emergence and continued until harvest. The severity of the drought stress was categorised based on
the amount of water applied to the plants.

Soil Water Stress Treatments
(% PAWC)

Soil Water Content
(g H2O kg−1 Soil)

Classification of Drought
Stress Created

100 (Control) 166 No stress
80 133 Very mild
60 100 Mild
40 66 Moderate
20 33 Severe

2.3. Data Collection and Spikelet Storage

The time to physiological maturity was recorded for all plants of each biotype. Physi-
ological maturity was defined as the time when 50% of the spikelets on each plant were
at the point of shedding. Physiologically mature spikelets were collected manually from
each plant and their number was counted. The collected spikelets were then stored as
described above (Section 2.1). The total number of filled or empty, primary or secondary
seeds per plant, as well as the 1000 primary or secondary seed weight, was determined by
the methods previously described by Ali et al. [25].

2.4. Dormancy Tests

Two germination studies were undertaken simultaneously 25 days after the first lot of
spikelet collection to determine the dormancy status of the filled primary and secondary
seeds and caryopses. For study one, a thermogradient bar (T-bar; Lindner and May
Industries, Brisbane, Australia) was used to determine the degree of hull (palea and lemma)-
imposed dormancy present in the fresh seeds, whereas the second study was conducted
in an incubator (TRIL-750 Illuminated Refrigerator Incubator, Thermoline, Wetherill Park,
Australia) to determine the degree of embryo dormancy present in the fresh caryopses. For
both studies, spikelets were randomly collected from the seed lots, primary and secondary
seeds were separated, and hull removal was performed manually to obtain the caryopses.
Surface sterilisation of seeds and caryopses, and the setting up of germination studies, was
previously described by Ali et al. [25].

Dormancy test of seeds in the T-bar: Three replicates of seeds (per soil water stress
treatment) were used for this test. Each replicate contained 20 primary or secondary seeds.
Seeds were imbibed under a constant temperature of 4, 6, 9, 12, or 15 ± 1 ◦C using a 12/12 h
light/dark photoperiod. An overhead cool white, fluorescent light was used to produce
the daytime photosynthetic photon flux density of approximately 100 µmol m−2 s−1 to
illuminate the Petri dishes. Seed germination was counted at 2-day intervals for a total
of 42 days. Seed germination was defined as the protrusion of the coleorhiza through the
husk, and caryopsis germination was defined as the protrusion of the coleorhiza through
the pericarp. After each counting session, any germinated seeds were removed from the
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Petri dishes. At the end of the 42-day study, all non-germinated seeds were tested for
viability [25]. Any seeds that germinated in this test were considered to have been dormant.
From both years of study, all seeds were found to be viable.

Dormancy test of caryopses in the germination incubator: All experimental procedures
for this test were similar as described above, except caryopses (that came from 20, 60, and
100% PAWC treatments) were used instead of seeds. At the end of this study, all caryopses
used were found to be viable in both years.

2.5. Seed Longevity Determined by Controlled Ageing Test

A laboratory-based controlled ageing test (CAT) was conducted to determine the potential
seedbank longevity of primary and secondary seeds coming from 20, 60, and 100% PAWC
treatments. For this purpose, 12 replicates (Petri dishes) of 20 primary and 20 secondary
caryopses coming from 20, 60, and 100% PAWC treatments of all four biotypes were used in
both years. The CAT was conducted according to the method described by Long et al. [27] but
with the following modifications: (a) 20 primary or secondary fresh caryopses were placed into
each glass vial; (b) instead of an oven, an incubator (Model: Polar 1000, Contherm Scientific
Ltd., Hutt City, New Zealand) was used for the pre-equilibrium phase (7 ± 2 ◦C and 47 ± 2%
RH for 21 days), as well as for the ageing phase (48 ± 2 ◦C and 60 ± 3% RH); (c) caryopses
were kept in darkness in both phases; (d) Tinytag Plus 2 data loggers were used to monitor
temperature and RH conditions inside the sealed boxes; and (e) during the ageing phase, glass
vials were removed at 0, 5, 16, 30 39, 55, 70, 85, 100, and 118 days to examine their viability by
incubating caryopses for 21 days under 15/5 ± 1 ◦C, light/dark (12/12 h) photoperiod, and
with an addition of 10 µM of gibberellic acid (GA3; Sigma-Aldrich Pty. Ltd., Macquarie Park,
NSW, Australia) at a rate of 5 mL per Petri dish to overcome dormancy issues. The germinated
caryopses were counted as viable and non-germinated caryopses were considered dead. The
number of viable caryopses was plotted against time to determine their P50 value (predicted
time for seed lot viability to fall to 50%).

2.6. Thermal Time Calculation

To understand the impact of drought stress on plant maturation, thermal time (degree-
days) was calculated using the following equation [28]:

Thermal time (degree-days) = [(Maximum temperature + Minimum temperature)/2] - Base temperature

The base temperature was set as 0 ◦C [29]. Thermal time calculations began when the
germinated seedlings were transplanted to the pots and continued until maturity. Thermal
time data calculation considered the greenhouse temperature data. The experiment ran
for 2 years and therefore thermal time was calculated for 2 years, and their average was
determined to interpret experimental results.

2.7. Statistical Analysis

Pot trial: The data from the two repeats of the pot trial were pooled before analysis
as the effect of the repeat trial was non-significant (p ≥ 0.05; Table S1) for all parameters
measured. An analysis of variance (ANOVA) was performed to examine the responses
to the soil water stress treatments using Minitab software version 18. Mean values of the
different parameters were separated using Fisher’s protected least significant difference
(LSD) test at p ≤ 0.05. The relationship between % PAWC and the time to plant maturity,
as well as seed weight and time of plant maturation, were determined by fitting a linear
regression model using SigmaPlot software version 14. The coefficient of determination
(R2) value was used to determine the goodness of fit of the linear regression model.

Dormancy tests: The data from the two repeats of the T-bar or germination incubator
tests were pooled before analysis as the effect of the repeat experiment was non-significant
(p ≥ 0.05; Tables S2 and S3) for both tests. For the T-bar test, the data were analysed against
an individual germination temperature either for the primary or secondary seeds. Data for
both tests (T-bar and germination incubator) were expressed as cumulative germination
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percentages. Data were analysed using ANOVA performed on Minitab software. Means
were separated using Fisher’s protected LSD test at p ≤ 0.05.

Seed longevity tests: The average data from the two repeats of this study were pooled
as the effect of the repeat experiment was non-significant (p ≥ 0.05; Table S4). Caryopsis
viability (expressed as a percentage of germination) was plotted against time (days) in
ageing conditions. A non-linear regression analysis was carried out using SigmaPlot to
estimate the P50 value through fitting sigmoid, three-parameter curves to the data using
the following equation [24,27]:

Caryopsis viability (%) =
a

1 + e
−(x−x0)

b

where a is the fitted initial viability (percentage), b is the rate of viability loss in the rapidly declining
section of the curve, x is the accumulated time in the CAT (in days), and x0 is the P50 value.

3. Results
3.1. Time to Plant Maturity

Soil water stress treatments had a significant impact in reducing plant maturity time
in all biotypes (p < 0.001; Figures 2–4). Overall, northern biotypes (Biloela 1 and 2) matured
5 to 9 days earlier than southern biotypes (Toobeah and Jandowae; Figure 2). Irrespective
of soil water stress treatments applied, the Jandowae biotype took the longest time to
mature (104 days), while Biloela 1 took the shortest time to mature (94 days). The mean
plant maturity time under the severe drought stress was 86 days, 24 days earlier compared
to the unstressed control plants which matured in 110 days (Figure 2). Plant maturity
was accelerated in all biotypes when the severity of the soil water stress was increased
(Figures 2–4). There was a positive correlation observed between plant maturity time and
% PAWC (Figure 3). The plant maturity time of all biotypes was greatly reduced with the
increment of the severity of drought stress (Figure 3).
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were applied at panicle initiation and continued until plant maturity. Error bars represent standard
errors of the mean of 12 replicates and represent pooled data from two experimental runs. Different
letters within a biotype indicate significant differences among the treatments.
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Figure 4. Effect of different soil water stress treatments (percentage of plant available water capacity;
% PAWC) on the maturity time of four biotypes of Avena sterilis ssp. ludoviciana. From left to right, the
pots contain randomly selected plants of 20, 40, 60, 80, and 100% PAWC treatments. Plants within a
biotype matured approximately 17, 12, 6, and 3 days earlier by 20, 40, 60, and 80% PAWC treatments
compared to the control treatment, i.e., 100% PAWC. Images were taken 78 days after planting.
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3.2. Seeds Produced

The interaction effect between biotypes and soil water stress treatments was found
to significantly impact the number of filled (p < 0.001) and empty (p = 0.002 and 0.010,
respectively), primary and secondary seeds produced (Figure 5). Within a biotype, a plant
that produced the lowest number of filled primary or secondary seeds also produced the
highest number of empty primary or secondary seeds (Figure 5). A plant grown under
severe drought stress produced 34% less filled, but three-and-a-half-fold empty seeds
compared to control plants (i.e., 100% PAWC). When the severity of soil water stress was
reduced, the number of filled seeds produced increased while empty seed production
decreased (Figure 5). The filled secondary seed production rate of all biotypes was always
found to be lower, and the empty secondary seed production rate was always found to be
higher, than their primary seed production (Figure 5).
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Figure 5. Effect of different soil water stress treatments (percentage of plant available water capacity; 
% PAWC) on the production of filled and empty (A) primary seeds and (B) secondary seeds plant−1 
of four biotypes of Avena sterilis ssp. ludoviciana. The stress treatments were applied at panicle initi-
ation and continued until plant maturity. Error bars represent standard errors of the mean of 12 
replicates and represent pooled data from two experimental runs. Letters within a biotype indicate 
significant differences among the treatments. Upper- and lower-case letters used for filled and 
empty seeds, respectively. 

3.3. The 1000 Primary and Secondary Seed Weight 
A significant two-way interaction between the biotypes and soil water stress treat-

ments was found in reducing the seed mass of both types of seed (p < 0.001). Among bio-
types, the seed mass of Biloela 1 was affected the most under the severe drought stress 
treatment. The mass of both types of seed of this biotype was reduced by more than 50% 
under the 20% PAWC compared to its control (Figure 6). On the other hand, Jandowae 
produced larger-sized primary and secondary seeds in the control (Figure 6). However, 
the seed mass of this biotype was reduced by 34% under the 20% PAWC treatment com-
pared to its control. A positive effect was also observed between the plant’s maturity time 
and the mass of both types of seed (Figure 7). The seed weight of all biotypes was reduced 
as the time to plant maturity was reduced with the severity of soil water stress increased 
(Figure 7). The seed mass of all biotypes was less affected when the plants were grown 
under their optimum conditions (Figure 7). 

Figure 5. Effect of different soil water stress treatments (percentage of plant available water capacity;
% PAWC) on the production of filled and empty (A) primary seeds and (B) secondary seeds plant−1 of
four biotypes of Avena sterilis ssp. ludoviciana. The stress treatments were applied at panicle initiation
and continued until plant maturity. Error bars represent standard errors of the mean of 12 replicates and
represent pooled data from two experimental runs. Letters within a biotype indicate significant differences
among the treatments. Upper- and lower-case letters used for filled and empty seeds, respectively.

3.3. The 1000 Primary and Secondary Seed Weight

A significant two-way interaction between the biotypes and soil water stress treatments
was found in reducing the seed mass of both types of seed (p < 0.001). Among biotypes, the
seed mass of Biloela 1 was affected the most under the severe drought stress treatment. The
mass of both types of seed of this biotype was reduced by more than 50% under the 20% PAWC
compared to its control (Figure 6). On the other hand, Jandowae produced larger-sized primary
and secondary seeds in the control (Figure 6). However, the seed mass of this biotype was
reduced by 34% under the 20% PAWC treatment compared to its control. A positive effect was
also observed between the plant’s maturity time and the mass of both types of seed (Figure 7).
The seed weight of all biotypes was reduced as the time to plant maturity was reduced with the
severity of soil water stress increased (Figure 7). The seed mass of all biotypes was less affected
when the plants were grown under their optimum conditions (Figure 7).
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Figure 6. Effect of different soil water stress treatments (percentage of plant available water capacity; 
% PAWC) on 1000 primary and 1000 secondary seed weight of four biotypes of Avena sterilis ssp. 
ludoviciana. The stress treatments were applied at panicle initiation and continued until plant ma-
turity. Error bars represent standard errors of the mean of 12 replicates and represent pooled data 
from two experimental runs. Letters within a biotype indicate significant differences among the 
treatments. Upper- and lower-case letters used for 1000 primary and 1000 secondary filled seed 
weights, respectively.  

Figure 6. Effect of different soil water stress treatments (percentage of plant available water capacity; %
PAWC) on 1000 primary and 1000 secondary seed weight of four biotypes of Avena sterilis ssp. ludoviciana.
The stress treatments were applied at panicle initiation and continued until plant maturity. Error bars
represent standard errors of the mean of 12 replicates and represent pooled data from two experimental
runs. Letters within a biotype indicate significant differences among the treatments. Upper- and lower-case
letters used for 1000 primary and 1000 secondary filled seed weights, respectively.

3.4. Dormancy Test of Seeds in the T-Bar

The ANOVA test showed that constant incubation temperatures of 6 ◦C (p = 0.005),
9 ◦C (p = 0.003), and 15 ◦C (p = 0.018) significantly increased the germination of primary
seeds from all four biotypes produced under soil water stress treatments (Figure 8). The
optimum germination temperature for the southerly originated biotypes was 6 ◦C whereas
it was 9 ◦C for the northern biotypes (Figure 8). Primary seeds of Biloela 1, Toobeah,
and Jandowae biotypes, produced under severe drought stress, expressed little dormancy
(80% germinated) when incubated at their optimal germination temperature. On the
contrary, only 10% of the primary seeds of those biotypes were able to germinate at the
same incubation temperature when plants were grown under the control environment
(Figure 8). However, Biloela 2 consistently showed a strong hull-imposed dormancy at
any given temperature. The germination rate or the dormancy status of the primary seeds
produced under other soil water stress treatments were almost similar for the northern
and southern biotypes at their optimal incubation temperature (Figure 8). The dormancy
trend of secondary seeds was found to be similar to that of their primary seeds (Figure 8).
Nevertheless, the dormancy rate of secondary seeds produced under severe drought stress
was always 15 to 20% higher than their primary seeds under their optimum incubation
temperature, which was seen in all biotypes except Biloela 2 (Figure 8).
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Figure 7. Relationship between the time to plant maturity and 1000 filled seed weight of both primary
and secondary seeds of four biotypes of Avena sterilis ssp. ludoviciana. Error bars represent standard
errors of the mean of 12 replicates and represent pooled data from two experimental runs. Lines
represent fitted linear regressions.
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soil water stress treatments were found to have a significant role (p < 0.001) in breaking 
the dormancy of both primary and secondary caryopses (Figure 9). Overall, the germina-
tion rate was very high when seeds were produced under severe drought stress, their hull 
removed, and they were incubated under their optimum day/night temperature of 15/5 
°C (Figure 9). More than 90% of primary caryopses coming from the 20% PAWC environ-
ment were able to germinate, whereas 75% germinated in the case of secondary caryopses 
(Figure 9). However, the caryopses’ germination rate was decreased, and the dormancy 
rate was increased, when the plants were grown under a 60% or above PAWC treatment. 
The dormancy rate of the caryopses varied depending on their growing environment, as 
well as the types of seed present (Figure 9). 

Figure 8. Effect of different soil water stress treatments (percentage of plant available water capacity;
% PAWC) on the dormancy (%) of the freshly harvested (A) primary seeds, and (B) secondary seeds
of four Avena sterilis ssp. ludoviciana biotypes. Error bars represent standard errors of the mean of
six replicates and represent pooled data from two experimental runs.
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3.5. Dormancy Test of Caryopses in the Germination Incubator

When seeds were dehulled and placed under an optimum incubation temperature,
soil water stress treatments were found to have a significant role (p < 0.001) in breaking the
dormancy of both primary and secondary caryopses (Figure 9). Overall, the germination
rate was very high when seeds were produced under severe drought stress, their hull
removed, and they were incubated under their optimum day/night temperature of 15/5 ◦C
(Figure 9). More than 90% of primary caryopses coming from the 20% PAWC environment
were able to germinate, whereas 75% germinated in the case of secondary caryopses
(Figure 9). However, the caryopses’ germination rate was decreased, and the dormancy
rate was increased, when the plants were grown under a 60% or above PAWC treatment.
The dormancy rate of the caryopses varied depending on their growing environment, as
well as the types of seed present (Figure 9).
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Figure 9. Effect of different soil water stress treatments (percentage of plant available water capacity; 
% PAWC) on the dormancy (%) of the freshly harvested primary and secondary caryopses (palea 
and lemma removed) of four Avena sterilis ssp. ludoviciana biotypes. Error bars represent standard 
errors of the mean of six replicates and represent pooled data from two experimental runs. Letters 
within a biotype indicate significant differences among the treatments. Upper- and lower-case let-
ters used for primary and secondary caryopses, respectively. 
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Primary and secondary seeds of all biotypes produced under severe drought stress 

lost their viability earlier compared to seeds produced under mild or no water stress (Fig-
ure 10 and Table 3). The seed lots produced under severe drought stress lost 50% of their 
viability (P50) within 30 to 60 days in the CAT—almost half the time earlier than seeds 
produced under no water stress (75 to 100 days; Figure 10 and Tables 3 and 4). The biotype 
Biloela 1 was ranked first, followed by Jandowae, Toobeah, and Biloela 2, based on rapidly 
dropping to 50% viability of seeds produced by either 20 or 60% PAWC. At the end of the 
120-day study, 3 to 5% of the primary seeds of Biloela 2 and Jandowae biotypes and 5 to 
15% of the secondary seeds of Biloela 2, Toobeah, and Jandowae biotypes produced under 
the control environment were still found to be viable (Figure 10). 

The seeds produced under severe drought stress were classified as transient-to-short-
lived seed types that had a predicted longevity of 1 to 2 years in the soil seedbank (Table 
3). Mild drought stress was responsible for the production of medium-lived seed types 
that had a predicted longevity of >2 to 4 years. Seeds produced under the control environ-
ment were predicted to have >4 years of longevity in the soil seedbank. 

Figure 9. Effect of different soil water stress treatments (percentage of plant available water capacity;
% PAWC) on the dormancy (%) of the freshly harvested primary and secondary caryopses (palea and
lemma removed) of four Avena sterilis ssp. ludoviciana biotypes. Error bars represent standard errors
of the mean of six replicates and represent pooled data from two experimental runs. Letters within a
biotype indicate significant differences among the treatments. Upper- and lower-case letters used for
primary and secondary caryopses, respectively.

3.6. Seed Longevity Determined by CAT

Primary and secondary seeds of all biotypes produced under severe drought stress lost
their viability earlier compared to seeds produced under mild or no water stress (Figure 10
and Table 3). The seed lots produced under severe drought stress lost 50% of their viability
(P50) within 30 to 60 days in the CAT—almost half the time earlier than seeds produced
under no water stress (75 to 100 days; Figure 10 and Tables 3 and 4). The biotype Biloela 1



Land 2023, 12, 1745 13 of 20

was ranked first, followed by Jandowae, Toobeah, and Biloela 2, based on rapidly dropping
to 50% viability of seeds produced by either 20 or 60% PAWC. At the end of the 120-day
study, 3 to 5% of the primary seeds of Biloela 2 and Jandowae biotypes and 5 to 15% of the
secondary seeds of Biloela 2, Toobeah, and Jandowae biotypes produced under the control
environment were still found to be viable (Figure 10).
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a 50% reduction in viability of the seeds produced under different treatments. 
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the curve (b), and days taken to 50% viability loss (P50) of primary and secondary caryopses of four 
biotypes of Avena sterilis ssp. ludoviciana found in the controlled aging test (CAT) at 48 °C and 60% 
RH. Caryopses used had been produced under 20, 60, or 100% PAWC (plant available water capac-
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Treatment Biotype Caryopsis Type a b  P50 

20% PAWC 

Biloela 1 
Primary  100 7 32 

Secondary 101 9 45 

Biloela 2 
Primary  98 9 51 

Secondary 100 11 57 

Toobeah 
Primary  99 9 42 

Secondary 99 9 54 

Jandowae 
Primary  99 8 37 

Secondary 100 10 50 

60% PAWC 

Biloela 1 
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Figure 10. Non-linear regression model of the response of (A) primary caryopses and (B) secondary
caryopses from four Avena sterilis ssp. ludoviciana biotypes to controlled aging at 48 ◦C and 60%
relative humidity. Caryopses used in the test had been produced under 20, 60, or 100% PAWC (plant
available water capacity) treatments. Viability is expressed as the percentage of normal germination
during 21 days of incubation at 15/5 ◦C day/night temperature with a matching photoperiod (12/12 h
light/dark condition). The horizontal dashed line running across each panel identifies the time for a
50% reduction in viability of the seeds produced under different treatments.

Table 3. Fitted initial viability percentage (a), rate of viability loss in the rapidly declining section of
the curve (b), and days taken to 50% viability loss (P50) of primary and secondary caryopses of four
biotypes of Avena sterilis ssp. ludoviciana found in the controlled aging test (CAT) at 48 ◦C and 60%
RH. Caryopses used had been produced under 20, 60, or 100% PAWC (plant available water capacity).

Treatment Biotype Caryopsis Type a b P50

20% PAWC

Biloela 1
Primary 100 7 32

Secondary 101 9 45

Biloela 2
Primary 98 9 51

Secondary 100 11 57

Toobeah
Primary 99 9 42

Secondary 99 9 54

Jandowae
Primary 99 8 37

Secondary 100 10 50
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Table 3. Cont.

Treatment Biotype Caryopsis Type a b P50

60% PAWC

Biloela 1
Primary 98 8 63

Secondary 98 8 67

Biloela 2
Primary 98 8 79

Secondary 98 8 83

Toobeah
Primary 99 10 71

Secondary 99 11 72

Jandowae
Primary 99 10 66

Secondary 100 11 69

100% PAWC

Biloela 1
Primary 98 10 78

Secondary 98 9 83

Biloela 2
Primary 99 10 91

Secondary 98 11 102

Toobeah
Primary 99 9 82

Secondary 98 11 95

Jandowae
Primary 100 11 84

Secondary 97 9 97

Table 4. Response of primary and secondary caryopses of four biotypes of Avena sterilis ssp. lu-
doviciana to controlled aging test (CAT) at 48 ◦C and 60% RH and their predicted longevity in soil.
Caryopses used were produced under 20, 60, and 100% PAWC (plant available water capacity)
treatments. Caryopses losing their 50% viability (P50) in 40 days under the CAT were categorised as
transient type (predicted longevity in the soil <1 year), while caryopses that reached their P50 value in
>40 to 60 days were categorised as short-lived type (predicted longevity 1 to 2 years), those reaching
their P50 value in >60 to 80 days were categorised as medium-lived type (predicted longevity >2 to
4 years), and those reaching their P50 value in >80 days were categorised as long-lived type (predicted
longevity >4 years).

Biotype

20% PAWC 60% PAWC 100% PAWC

P50 Value
(Days)

Predicted Longevity
in the Seedbank

(Years)

P50 Value
(Days)

Predicted Longevity
in the Seedbank

(Years)

P50 Value
(Days)

Predicted Longevity
in the Seedbank

(Years)

Primary caryopses/seed

Biloela 1 32 <1 63 >2 to 4 78 >2 to 4
Biloela 2 51 1 to 2 79 >2 to 4 91 >4
Toobeah 42 1 to 2 71 >2 to 4 82 >4

Jandowae 37 <1 66 >2 to 4 84 >4

Secondary caryopses/seed

Biloela 1 45 1 to 2 67 >2 to 4 83 >4
Biloela 2 57 1 to 2 83 >4 102 >4
Toobeah 54 1 to 2 72 >2 to 4 95 >4

Jandowae 50 1 to 2 69 >2 to 4 97 >4

The seeds produced under severe drought stress were classified as transient-to-short-
lived seed types that had a predicted longevity of 1 to 2 years in the soil seedbank (Table 3).
Mild drought stress was responsible for the production of medium-lived seed types that
had a predicted longevity of >2 to 4 years. Seeds produced under the control environment
were predicted to have >4 years of longevity in the soil seedbank.

4. Discussion

In the present study, we aimed to determine how A. ludoviciana’s reproductive biology
could be modified in response to the intensity of drought stress. In particular, we focused
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on plant maturity time, and seed production, dormancy, and longevity of four NGR A.
ludoviciana biotypes over 2 consecutive years. From this study, it was observed that severe
drought stress during the seed development stage (i.e., late winter to early spring season)
forced A. ludoviciana plants to mature 24 days earlier than would have occurred under a
moist soil environment (Figures 2–4). This reduction in plant maturity time reduced the
seed production rate by 35% (Figure 5) and seed mass by 40% (Figures 6 and 7) relative to
control plants. However, the reduction in plant maturity time modified one of its important
seed biology traits, i.e., dormancy. Those early-matured seeds were found to have less
dormancy, but only when they were exposed to cool imbibition temperatures (6 to 9 ◦C;
Figure 8). This result suggests that seeds produced under a severe-to-mild drought stress
period will be ready to germinate in the following winter cropping season when they meet
their optimum germination requirement. The CAT test (Figure 10 and Table 4) indicated
that the less-dormant seeds produced from the early maturing plants had a reduced ability
to remain viable in the soil seedbank for long periods of time. However, it was also observed
that the phenology and seed biology of A. ludoviciana varied due to the genetic diversity
present between the two types of seed, and among biotypes, which will also have an impact
on the species ecology in the cropping environment. The modification in plant maturity
and seed biology of A. ludoviciana under the changing climate therefore remains a challenge
for the management of this weed under the NTCA approach practices in the NGR.

4.1. Phenology

Plants grown under a severe drought stress (i.e., 20% PAWC) matured approximately
24 days earlier than control plants (Figures 2 and 3). Plant maturity was reduced to 16, 10,
and 7 days under 40, 60, and 80% PAWC treatments, respectively. Previous studies [18,30]
reported that water stress can accelerate the life cycle of A. fatua plants by reducing the required
thermal time for them to complete their life cycle. In our study, plants grown under severe
drought stress required approximately 400 degree-days less thermal time for their maturation
compared to control plants (Table 5). Our previous study with elevated temperature observed
similar results, with an 18-day reduction in plant maturity time occurring when plants
were grown under an elevated temperature stress during their reproductive phase [24].
Both results indicate that elevated temperature or drought stress applied individually can
significantly reduce the thermal time requirement of this weed to mature than plants grown
under no stress. The faster but lower accumulation of thermal time under different levels of
drought stress influenced the period of maturity and reproductive biology of this weed, as
was observed under elevated temperature stress [24]. Moreover, under drought conditions,
stomatal activity is regulated in part by chemical signals (e.g., by abscisic acid synthesis)
produced by dehydrating roots [10,31]. By closing the stomates, this leads to a decreased
rate of leaf expansion, impaired photosynthetic activity, and premature leaf senescence, all of
which ultimately reduce photosynthate production [32]. All of these changes can lead to a
shortening of plant maturity time.

In this study, we found that a variation in the maturity time was also evident among
the northerly and southerly originated biotypes under the various drought stress treatments.
This occurred mainly due to the inherent earlier maturation of northern biotypes (5 to
9 days earlier) compared to their southern counterparts (Figures 2 and 3). It must be
noted that the northern biotypes originated from a drier part of the NGR compared to the
southern biotypes (Table 1), and therefore they appear to have become adapted to mature
faster under the drier conditions (Figures 2 and 3). Peters [33] reported that the phenology
of A. fatua differed due to its biotype difference and the response of biotypes towards
drought stress. Clearly, heritability and environment have a great impact on the phenology
of A. ludoviciana. It is, therefore, understandable that mild-to-moderate drought stress that
usually prevails in the NGR at the time of seed development can force A. ludoviciana plants
to mature earlier than expected. However, a crop plant can also mature faster under a drier
environment [34], but the rate of maturation between crop and weed may differ, which
growers need to keep in mind while adjusting their weed management tactics.
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Table 5. Thermal time (degree-days) of four Avena sterilis ssp. ludoviciana biotypes. Plants were
grown under different percentages of plant available water capacity (% PAWC).

Treatment
(% PAWC)

Days to
Panicle

Initiation

Thermal Time
(Degree-Days) Days to

Maturity

Thermal Time until Maturity
(Degree-Days)

2018–2019 2019–2020 2-Year
Average 2018–2019 2019–2020 2-Year

Average

Biloela 1

20%

58 852 884 868

84 1335 1352 1344
40% 91 1455 1481 1468
60% 96 1585 1603 1594
80% 99 1651 1675 1663

100% 103 1748 1761 1755

Biloela 2

20%

58 852 884 868

86 1376 1393 1385
40% 92 1494 1525 1510
60% 98 1630 1648 1639
80% 101 1699 1725 1712

100% 104 1772 1778 1775

Toobeah

20%

63 946 965 956

91 1474 1503 1489
40% 97 1607 1626 1617
60% 101 1699 1725 1712
80% 105 1795 1795 1795

100% 108 1858 1864 1861

Jandowae

20%

65 978 1002 990

95 1561 1583 1572
40% 99 1651 1675 1663
60% 105 1795 1795 1795
80% 108 1858 1864 1861

100% 111 1924 1939 1932

4.2. Reproductive Biology

The effect of different soil water stress treatments reduced the number of filled seeds
produced (35% less under severe drought stress than the control) but also increased the
production of empty seeds (65% more under severe drought stress than the control; Figure 5).
In addition, the filled seeds produced under different soil water stress treatments were smaller
in mass (40% less under severe drought stress compared to the control; Figure 6), and the
mass reduction rate was dependent on the maturity time, which changed in response to the
severity of drought stress (Figure 7). A similar observation was made in our previous study,
where elevated temperature at the reproductive phase resulted in the production of 30% less
filled seeds and 70% more empty seeds, with a 37% reduction in seed mass compared to the
control [24]. Samarah [35] observed an approximately 60% reduction in the grain yield of
barley (Hordieum vulgare L.) under drought conditions, mainly due to a lower number of grains
along with a lower grain weight. The negative impacts of drought on seed production mainly
depend upon the severity of the stress [36]. Yadav et al. [37] reported that the exposure of
pearl millet (Pennisetum glaucum L.) plants to drought stress at flowering lowered the number
of filled seed production and increased empty seed production due to the disturbed assimilate
movement to the developing ear. Soil water stress during the anthesis-to-maturity phase of
A. ludoviciana resulted in some seeds being empty (Figure 5), and some seeds being smaller in
mass (Figure 6), which had an effect in modifying their reproductive biology.

4.3. Dormancy Status

Seeds produced under reduced soil water were found to readily germinate at their
optimum germination temperature between 6 to 9 ◦C (Figure 8). Similar results were
found in the case of elevated temperature [24], which means that plants grown under
drought stress or elevated temperature stress can produce seeds with reduced dormancy.
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Previous studies also reported that drought stress can produce A. fatua seeds that have less
biomass allocated to them, which enables the seeds to overcome dormancy in a shorter
time [19–21]. Drought stress hastened plants to mature seeds quicker, which is correlated
with a reduction of starch and ABA but more a-amylase content leading to the production
of less-dormant seeds than an unstressed plant [19,20,38–40]. In contrast, adequate soil
water during seed maturation can help to express the alleles responsible for long-term
dormancy [20]. When the hull of the seeds was removed, more seedlings of A. ludoviciana
were found to germinate (Figure 9). This result indicated that when the hull is naturally
lost in the soil, more seeds of A. ludoviciana can germinate and infest the crop [25]. Under
the variable climate scenario in the NGR, it is thus possible that a year of adequate rainfall
at the time of seed development can help A. ludoviciana plants to produce more seeds with
a high rate of dormancy, whereas drought conditions will produce fewer but less-dormant
seeds. Both types of seeds will return to the soil seedbank, where the less-dormant seeds
will be ready to germinate in the following season under a NTCA system with minimal soil
disturbance. However, dormant seeds will contribute to the persistence of soil seedbank.

Seed dormancy is an important element in the survival of Avena spp. [19]. Even seeds
produced from a single plant of Avena spp. may vary in their dormancy level [41,42].
Peters [43] determined that secondary seeds of A. fatua had a greater dormancy than
primary seeds. This is consistent with our study, which showed that at any given incubation
temperature, the germination percentage of secondary seeds/caryopses was always lower
(5 to 20% less) than that of their primary seeds/caryopses (Figures 8 and 9). The difference
between the primary and secondary seeds may result from their genotype, as well as the
response of seeds towards the changed environment, where soil water stress may have a
greater impact on producing premature primary seeds with fewer defence mechanisms
than the secondary seeds [21,23]. Previous studies reported that the seed dormancy of
A. fatua is controlled by an interaction of both genetic and environmental factors [44,45].
Moreover, the seed dormancy of the biotypes differed due to the requirement of their
specific incubation temperature (Figure 8), whereas northern biotypes preferred 9 °C and
southern biotypes 6 °C. This result confirms the work performed by Quail and Carter [23],
Fernández-Quintanilla et al. [46], and Uremis and Uygur [47].

4.4. Longevity Status

The eradication of weeds always becomes more difficult when they produce a large
number of viable seeds and can develop a persistent seedbank [48]. In the case of A. ludovi-
ciana, these two traits enable the weed to stagger its germination from a season to a few
years, perpetuating it as a difficult-to-control weed under the prevailing NTCA system.
However, the lower amounts of starch in seeds produced from water-stressed plants [19]
can affect the longevity of seeds in the soil environment [48], which was observed in the
present study (Figure 10 and Table 4). Caryopses coming from severe drought stress lost
their viability far quicker than caryopses coming from the control (Figure 10), and those
caryopses had a predicted longevity of at least 2 years less in the soil seedbank (Table 4).
A similar result was observed by Ali et al. [24] in the case of elevated temperature stress.
However, in the field, the longevity of seeds (especially those retaining on or near the
soil surface) depends on many factors, including soil type, burial depth, fluctuating tem-
perature, soil water condition, and hydration cycle [49–51], as well as the types of seeds
coming from different biotypes. Additionally, seeds might persist longer in regions with
low rainfall and moderate temperatures than in climates with heavy rainfall and consid-
erable temperature variability [52]. clay type soil and the drier environment of the NGR
may further help Avena spp. seeds to survive in the soil longer compared to sandy type
and relatively wet soil [53]. Seedbank longevity of A. ludoviciana under NTCA therefore
largely depends on its reproductive biology and the climate.
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5. Conclusions

The current study shows that the imposition of a severe-to-mild drought stress during
the time of seed development of A. ludoviciana can lead to maturation and the production
of seeds more rapidly, but with a penalty in their seed number and mass. There was also a
strong relationship observed between the severity of the soil water stress and the degree of
modification of the reproductive traits of this weed. An incubation temperature of 10 ◦C
was found to germinate the maximum number of seeds, implying that a large flush of
seedlings may be ready to infest the next winter crops from the time the crop is planted.
When the seeds are unable to germinate due to a lack of a germination requirement, they
will most likely die as the CAT suggested their longevity has been compromised by the
water stress treatments. However, under the variable changing climate scenario, a year of
cool and wet environments can lead to the production of more filled seeds with greater
dormancy. In addition, the genetic variability between the two types of seed produced
by A. ludoviciana provides further variation in the seedbank. The non-burial conditions of
NTCA favour the development of a seedbank, with less-dormant seeds readily available
to germinate and re-infest crops, while more-dormant seeds contribute to the persistence
of the seedbank. The complex relationship between biology, ecology, and edaphic and
climatic factors makes the management of A. ludoviciana difficult under NTCA.
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