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Abstract: An understanding of phenology and reproductive plasticity of a weed species can provide
valuable information to manage it precisely. This study evaluated the phenotypic plasticity of
feathertop Rhodes grass (Chloris virgata Sw.) where cohorts of four different populations (two
from cropping and two from roadside situations) were initiated in early spring (4 September), late
spring (4 November), mid-summer (4 January), and early autumn (4 March) in southern New South
Wales (NSW), Australia. The team grew individual plants in the absence of competition under
natural conditions. Life-history and fitness-related traits of both phenology and morphology were
measured, and dry biomass of vegetative and reproductive parts were determined at physiological
maturity. Among the four sowing times, the late-spring sowing treatment took the longest time
from emergence to the first seed head emergence (70–110 days), while it had the shortest seed
maturity period (8–16 days). Length of reproductive and total life period of the four populations
differed across the four sowing-time treatments. The plants that emerged in mid-summer had the
longest reproductive period (30 days) whereas the early-autumn emerging plants died before the
reproductive stage because of the cold temperatures during winter. The mid-summer cohort required
slightly longer time (63–85 days) to achieve seed head formation and less time (19–24 days) for seed
maturity than those plants that emerged in early or late spring. All the reproductive features were
varied by sowing times and population. The number of seed heads (12–15 per plant) and spikelets
(12–13 per seed head), as well as the seed head biomass, re-productive biomass allocation pattern, and
seed production, generally increased in the mid-summer-emerged cohort. Seed production in the mid-
summer (9942 seeds/plant) cohort was 10% and 70% higher than the late spring (8000 seeds/plant)
and early spring (3240 seeds/plant) cohorts, respectively. The ratio of reproductive biomass to
vegetative biomass increased in the mid-summer sowing times in all populations, and this species
displayed true plasticity in reproductive allocation. Additionally, the four populations of feathertop
Rhodes grass differed significantly in phenological, vegetative, and reproductive traits, depending
on the sowing time. The reproductive fitness of the four populations varied, with the two roadside
populations (FELT 04/20 and STURT/16–17) appearing to be better adapted than the two cropping
populations (PARK 01/20 and GLEN 03/18). The results from our study could help construct a basic
framework for a variety of weed-management tactics to achieve successful control.

Keywords: biomass allocation; reproductive fitness; adaptive mechanism; climate change

1. Introduction

Plant phenology is the periodic observation of recurring phenomena of plant growth
and recording the time of their occurrence [1]. This phenomenon of a plant is mediated by
the interaction of internal factors with external environmental elements such as temperature,
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daylength, or drought [2]. Weed phenological features include the timing of emergence,
growth, and sexual reproduction and can be used to predict the distribution of a weed
species under varying environmental conditions [3,4]. Phenological studies of a weed
species may be employed for tracking the gradual impact of climate change on biodiversity
and its effect on the key phenological events in the lifecycle [5]. These phenological events
are important for the survival and success of a weed species [6,7]. Therefore, a biologically
meaningful description of phenological events is fundamental for better understanding of
the temporal dynamics of a weed species [8,9]. This would contribute to the well-informed
recommendation of suitable timing for effective control [8,9]. Properly timed control with
suitable tactics would achieve maximum control efficacy, reducing both the cost of manag-
ing weeds and the risks of new infestations into other areas. Plant plasticity is the variation
in the phenotypic expression of a genotype and enhances the capacity of plants to survive
and reproduce under stressful conditions [10]. It is considered an adaptive mechanism that
allows plants to optimise responses to environmental heterogenicity [10,11]. Furthermore,
plants’ capacity to generate alternative phenotypes based on shifts in the environmental
conditions can buffer the effects of natural selection [12]. The plastic response of weeds to
environmental changes have become one of the most important aspects for evolutionary
biology research on weeds, which was enhanced by climate change concerns [13]. Unfortu-
nately, relatively little is known about the nature of plasticity of weeds and their associated
traits that contribute directly to fitness and adaptability.

Early studies of weed phenology and phenotypic plasticity were limited to simple
descriptions of morphological characteristics such as plant size and branch number [10,14].
Comparative information is needed to clarify the relations of ecological scope to patterns of
fitness plasticity, particularly for annual weed species that are often the most troublesome
in agricultural production systems. Annual weed species can frequently germinate early in
the growing season and continue to germinate throughout the season, enabling them to
maximise seed production and fitness across a broad range of environmental conditions [15].
However, weed cohorts that germinate at different times are also faced with variable biotic
and abiotic conditions. Therefore, the timing of phenological events and biomass allocation
to different plant components affect the overall success in a particular environment [16].
This response could be different among weed populations because of genetic variation
among populations and variable selection pressures imposed by agricultural practices.
Moreover, weed phenological studies from a single sowing time is useful to summarise
key features and changes in phenology, but they inevitably miss potentially important
information about the shape of the overall period [17]. A more thorough assessment should
aim to model the entire phenological time distribution [17]. Therefore, evaluation of the
phenotypic response of diverse weed populations to different environmental heterogenicity
is important to assess both adaptive (present interaction with new environment) and
adapted (natural selection from past generation) responses.

Feathertop Rhodes grass (Chloris virgata Sw.) is an annual warm-season grass that
is widely distributed globally [18]. Generally, this species grows throughout tropical,
subtropical, and warm temperate regions, extending well into temperate regions in areas
where hot summers are typical [18]. In Australia, feathertop Rhodes grass has been a
major weed in summer and winter grain crops in the subtropical region for many years
and was ranked in the top 10 weed species [19–21]. In southern New South Wales (NSW),
Australia, feathertop Rhodes grass mainly dominates roadsides, fence lines, and wasteland
areas. Now this small-seeded species has become an issue in the cropping country of
southern NSW. Given the large area of feathertop Rhodes grass’ expansion to diverse soil
and climatic conditions (Figure 1), it is not surprising that feathertop Rhodes grass is very
plastic. The plasticity of feathertop Rhodes grass results in the formation of a population
adapted to local climatic conditions. This adaption of feathertop Rhodes grass populations
to local conditions warrants attention because it is likely one of the mechanisms supporting
the invasive spread of this species from northern NSW to southern NSW.
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Figure 1. Feathertop Rhodes grass plant and its distribution in Australia, adapted from Atlas of
Living Australia [21].

The research questions of this research were:

1. Is there any impact of different emergence dates on the growth and development tim-
ing of phenological, morphological and reproductive traits of feathertop Rhodes grass?

2. Does timing and duration of each phenological events vary among populations of
feathertop Rhodes grass?

2. Materials and Methods
2.1. Environmental (Emergence Timing) and Populations Treatment

There were four sowing times: early spring (4 September 2020), late spring (4 Novem-
ber 2021), mid-summer (4 January 2021), and early autumn (4 March 2021). Four feathertop
Rhodes grass populations from diverse geographical areas were selected to cover the
phenotypic variability of this species (Table 1). Seeds of the two northern populations
were collected from southern Queensland (QLD) and the two southern populations were
collected from southern NSW.

Table 1. Four populations used in the phenology study of feathertop Rhodes grass.

Population Geographic Location Habitat Ecotype

FELT 04/20 Felton, QLD Roadside Northern
GLEN 03/18 Toowoomba, QLD Cropping Northern
STURT 16–17 Wagga Wagga, NSW Roadside Southern
PARK 01/20 Parkes, NSW Cropping Southern

2.2. Experiment Set Up and Measurements

Each sowing operation involved 400 seeds, where sowing trays (32 cm × 40 cm) were
prefilled with a commercial potting mix under natural condition in a net house at the
Wagga Wagga Agricultural Institute (WWAI), NSW. The emergence time was recorded
before seedlings were manually transplanted at the 4–5-leaf stage into a plastic pot (18 cm
in diameter) pre-filled with the potting mix. Two separate experiments were conducted. A
single seedling was transplanted to a plastic pot for the first experiment and two seedlings
were transplanted to a separate pot for the second experiment.

The first experiment was set up for measurements of phenological events. For each
sowing time, each population was maintained one seedling/pot to measure the date of
(1) emergence, (2) booting stage (when a seed head swells in the flag leaf sheath but has
not yet emerged), (3) first seed head emergence, (4) first mature seed observed in each of
the first five emerged seed heads from each plant, and (5) plant senescence. This data was
used to calculate (1) emergence period (number of days between sowing and emergence),
(2) vegetative period (number of days between emergence and booting stage), (3) seed
maturity period (number of days between seed head emergence and the first mature seed
formed), (4) post-reproductive period (number of days between the first mature seed
and plant senescence), (5) reproductive period (number of days between the first seed
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head emergence and plant senescence), and (6) total life period (number of days between
emergence and plant senescence). Additionally, the proportion of the total life period spent
within each of these phenological time intervals was calculated.

The second experiment was set up for destructive measurements of plant biomass.
There were two seedlings/pot for each population at each sowing time. Each plant at
physiological maturity was carefully cut near the soil surface to obtain vegetative (leaf
and stem) and reproductive biomass (seed head with seeds) separately. Prior to harvest,
plant architecture (prostrate, semi-prostrate and elongated) was visually assessed from
the soil surface to the apex of the plant to determine the nature of lateral spread. Then
each plant was separated into stems, leaves, and reproductive biomass (including the seed
head or inflorescence and seeds), bagged and dried at 70 ◦C for 48 h. Based on 500-seed
weight, we estimated seed production per plant. Other measurements including seed head
length (cm) and number of spikelets per seed head. The historic average weather data
(50 years average) and monthly average weather data during experimentation 2020–2021
of WWAI is presented in Tables 2 and 3 respectively.

Table 2. Average (50 years) monthly temperature, rainfall, and solar exposure at WWAI.

Month Temperature
(◦C)

Rainfall
(mm)

Solar Exposure
(MJ m−2)

January 24.15 43.4 27.3
February 23.65 53.8 24.0

March 20.6 51.2 19.9
April 15.9 29.4 14.4
May 11.65 36.6 10.3
June 8.8 52.1 7.7
July 7.8 46.0 8.4

August 9.0 42.6 11.6
September 11.40 42.0 16.1

October 14.75 40.7 21.4
November 18.45 62.3 26.6
December 21.75 51.5 27.3

Table 3. Weather data (monthly average) at WWAI during experimentation 2020–2021.

Month Min. Temperature
(◦C)

Max. Temperature
(◦C)

Rainfall
(mm)

Solar Exposure
(MJ m−2)

September/2020 5.6 23.4 57.4 16.0
October/2020 8.8 28.2 85.0 18.4

November/2020 11.6 36.3 60.0 25.7
December/2020 12.1 34.9 78.2 26.6

January/2021 14.9 40.1 77.4 25.0
February/2021 14.1 40.03 78.2 23.8

March/2021 12.2 33.4 112.2 16.6
April/2021 6.5 31.7 2.4 14.7
May/2021 5.0 25.5 32.2 10.4
June/2021 3.8 19.1 74.2 7.7
July/2021 3.9 13.8 59.2 8.5

2.3. Design and Data Analysis

A factorial design (4 × 4 levels of combination) with 12 replications was employed for
each experiment. A mixed model with sowing time and seed weights as fixed and popula-
tion as the random effect was applied to assess the differences of variables among sowing
time treatments within populations (p < 0.05). Also, a multivariate (MVA) data analysis
approach was employed to determine the interactions between sowing time and population
for all the response variables. Dependent variables included phenological periods (vege-
tative period, seed maturity period, post-reproductive period, reproductive period, and
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total life period), fitness-related traits (vegetative biomass, seed head numbers, seed head
length, number of spikelets, reproductive biomass, and seed number) and proportion of
life history period (vegetative period, seed maturity period, and post-reproductive period).
The reproductive period was regressed with the total life period using linear functions.
The number of seed heads, seed head length, reproductive mass was regressed with the
reproductive period using linear regression models. Within a population at each sowing
time, reproductive effort is quantified as the slope of the relationship between reproduc-
tive biomass per plant and vegetative biomass per plant. In doing so, we assumed that
reproductive biomass was primarily determined by vegetative biomass. Heterogeneity in
slope value among sowing time treatments was assessed by sowing time and vegetative
biomass interaction term. A significant interaction term indicates heterogeneity of the
(unequal) slope in the relationship between reproductive biomass and vegetative biomass,
which means that the relative impact of vegetative biomass on reproductive biomass differs
among sowing time treatments. Therefore, there is true plasticity in reproductive effort [22].
The additive main effects and multiplicative interaction (AMMI) biplot was used (P × E)
to visually represent population performances and environmental interactions on weed
seed production.

3. Results
3.1. Phenophase of Four Populations

Sowing time and population had significant (p < 0.001) effect on the timing of key
phenological events, and more importantly on the period each population spent within
a phenological growth stage (Table 4). Generally, population FELT 04/20 seeds emerged
at 3–4 days after sowing, which was 1–2 days earlier than the other three populations at
all four sowing time treatments (Table 4). All populations, except GLEN 03/18, which
emerged in early spring and mid-summer, had a shorter vegetative period than the plants
that emerged in late spring. Among the four sowing times, the late spring sowing treatment
took the longest time from emergence to the first seed head emergence (70–110 days), the
longest post-reproductive period (8–23 days), while it had the shortest seed maturity period
(8–16 days). The average reproductive period was the longest in the mid-summer sowing
time treatment (30 days) and the shortest in early spring (4 September) time (22 days).
Similarly, the mid-summer sowing time treatment resulted in the longest in the total life
period (92–116 days). Feathertop Rhodes grass that emerged in early autumn (4 March) did
not progress to the reproductive stage in all four populations as a result of low temperatures
and frosts in winter, which eventually killed the plants (Tables 2 and 3).

Populations differed significantly (p = 0.004) in the duration required for vegetative
growth and reproduction. The populations FELT 04/20 and STURT 16/17 took about
70 days from emergence to the first seed head emerging and 82–85 days from emergence to
the first seed maturing when sown in early spring and mid-summer, respectively. GLEN
03/18 took the longest time (78–95 days) from emergence to the first seed head emerging.
Across the four sowing times, the time from emergence to senescence (total life period) of
STURT/16–17 and FELT 04/20 were 85–87 and 105–107 days, respectively, when emerged
in early spring and late spring. Total life period of FELT 04/20 and STURT/16–17 was
similar within a given sowing time treatment and responded in a similar manner with
sowing time treatments. These two populations were sourced from non-cropping situations
and their life period increased from early spring to late spring sowing times and then
decreased. PARK 01/20 and GLEN 03/18 were sourced from cropping situations and
tended to have a longer life period when they emerged in mid-summer than other sowing
times. Across the four feathertop Rhodes grass populations, the variation in reproductive
period (seed maturity + post-reproductive period) was greater in the late spring sowing
(17–39 days), while it was narrower in both the early spring (20–24 days) and mid-summer
sowings (28–32 days).

The percentage of the total reproductive period (seed maturity + post-reproductive
period) for all populations was higher in the mid-summer sowing time than in the early
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and late spring sowing times (Figure 2). All four populations had a similar trend for
reproductive periods when they emerged in early spring. However, the two roadside
populations FELT 04/20 and STURT/16–17 had significantly (p = 0.002) higher reproductive
periods in late-spring emerged plants than the two cropping populations.

Table 4. Phenological traits and duration of developmental periods (days) of four populations of
feathertop Rhodes grass emerged at different times (environmental condition).

Sowing Time Population Emergence
Date

Emergence to First
Seed Head
Emerging

(Days)

Vegetative
Period

Seed Maturity
Period

Post-
Reproductive

Period

Reproductive
Period Life Period

4 September

FELT 04/20 7 September 69–71 64. 00 (±0.28) 13.07 (±0.65) 9.38 (±0.89) 22.45 (±0.70) 86.45 (±0.65)
STURT16–17 8 September 63–73 63.87 (±0.85) 14.50 (±1.11) 6.60 (±0.50) 21.10 (±0.93) 84.97 (±1.34)
PARK 01/20 8 September 72–80 69.00 (±1.17) 10.00 (±1.30) 14.71 (±1.11) 24.28 (±0.92) 93.75 (±1.5)
GLEN 03/18 9 September 85–95 65.27 (±4.90) 11.37 (±0.77) 9.00 (±0.54) 20.37 (±0.92) 85.64 (±5.4)

4 November

FELT 04/20 7 November 70–72 68.10 (±2.00) 15.28 (±0.60) 23.27 (±1.78) 39.07 (±0.85) 107.17 (±2.34)
STURT16–17 8 November 85–95 77.07 (±4.00) 16.00 (±2.15) 12.72 (±1.05) 28.72 (±2.76) 105.79 (±5.00)
PARK 01/20 8 November 95–100 69.00 (±0.75) 8.25 (±0.80) 8.54 (±0.70) 16.79 (±0.99) 85.79 (±3.86)
GLEN 03/18 10 November 100–110 90.00 (±2.26) 8.78 (±0.65) 8.89 (±0.84) 17.67 (±0.71) 107.67 (±3.28)

4 January

FELT 04/20 6 January 65–70 61.50 (±1.13) 19.75 (±1.30) 10.63 (±0.74) 30.38 (±1.81) 91.80 (±1.61)
STURT16–17 6 January 63–75 70.75 (±4.20) 18.75 (±1.03) 9.12 (±0.93) 27.87 (±1.77) 98.62 (±0.73)
PARK 01/20 7 January 72–78 83.18 (±3.03) 23.75 (±1.04) 9.00 (±0.46) 32.75 (±1.04) 115.93 (±1.07)
GLEN 03/18 7 January 78–85 70.37 (±1.50) 23.00 (±0.92) 9.25 (±0.59) 32.25 (±1.04) 102.62 (±1.64)

4 March

FELT 04/20 7 March 67–80 69.57 (±1.34) - - - -
STURT16–17 7 March 67–81 64.15 (±0.48) - - - -
PARK 01/20 8 March 80–90 71.25 (±1.11) - - - -
GLEN 03/18 8 March 80–90 79.26 (±1.63) - - - -

- p-value - p = 0.003 p = 0.004 p = 0.003 p = 0.002 p = 0.002 p = 0.002

Figure 2. The percentage of life period at the vegetative, seed maturity, and post-reproductive
stages of four feathertop Rhodes grass populations at four sowing times. Different letters for the
same period of development indicate significant differences with a 5% level of significance. Here
04-Sep = 4 September, 04-Nov = 4 November, 04-Jan = 4 January, 04-Mar = 4 March.
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Vegetative period = the interval from emergence to booting stage; seed maturity
period = the interval from seed head emergence to the first mature seed formed; post-
reproductive period = the interval from the first mature seed to plant senescence; reproduc-
tive period = the interval from the first seed head emergence to plant senescence; and life
period = the interval from emergence to plant senescence.

3.2. Plasticity in Plant Growth and Biomass Allocation

Determination of numbers of basal tillers was difficult because of the characteristic
branching habit that occurs at most nodes on the main culm of feathertop Rhodes grass.
Therefore, data on tiller numbers included primary and secondary tillers. The number of
tillers produced by feathertop Rhodes grass ranged from 9 to 24 tillers/plant across the
four sowing times and four populations (Table 5). However, in most cases, the tillers/plant
ranged from 12 to 14, except for 24 and 22 tillers/plant in FELT 04/2 and STURT-16/17 sown
in mid-summer, respectively. The tiller number was not greatly affected by growing season.

Table 5. Effect of sowing time on tiller number, plant architecture, seed head number, seed head length,
seed head biomass, number of spikelets per seed head, seeds per plant, and the relationship slope
between the reproductive biomass and the vegetative biomass (R-V) of four different populations of
feathertop Rhodes grass.

Sowing
Time Population Tillers/Plant Plant

Architecture

Number of
Seed

Heads/Plant

Seed Head
Length (cm)

Seed Head
Biomass (g)

Number of
Spikelets/Head Seeds/Plant Slope

(R-V)

4 September FELT 04/20 13 (±1.0) Semi-erect 9.60 (±0.90) 6.09 (±0.77) 1.22 (±0.03) 10.53 (±0.21) 6521 (±770) 0.045c
STURT16-17 14 (±1.6) Semi-erect 9.46 (±0.22) 6.72 (±0.25) 0.74 (±0.08) 9.46 (±0.25) 5951 (±390) 0.063 b
PARK 01/20 15 (±1.3) Semi-erect 6.20 (±0.41) 6.15 (±0.17) 0.98 (±0.05) 10.14 (±0.18) 4390 (±415) 0.061 b
GLEN 03/18 17 (±1.0) Semi-prostrate 4.45 (±1.40) 6.75 (±0.11) 0.82 (±0.14) 8.80 (±0.61) 1969 (±600) 0.008 c

4 November FELT 04/20 13 (±1.3) Erect 17.90 (±1.88) 8.00 (±0.28) 2.42 (±0.20) 10.63 (±0.33) 11112 (±1575) 0.085 b
STURT16-17 22 (±2.8) Erect 18.18 (±2.28) 7.20 (±0.28) 2.03 (±0.26) 9.36 (±0.21) 9875 (±1362) 0.094 b
PARK 01/20 24 (±1.8) Erect 3.50 (±0.55) 6.05 (±0.11) 1.10 (±0.45) 10.36 (±0.20) 8071 (±446) 0.042 c
GLEN 03/18 12 (±1.0) Semi-prostrate 4.50 (±1.01) 7.10 (±0.08) 1.14 (±0.53) 8.92 (±0.14) 2937 (±1400) 0.059 c

4 January FELT 04/20 13 (±1.3) Erect 12.12 (±1.50) 6.90 (±0.18) 2.19 (±0.14) 13.00 (±0.50) 9930 (±1232) 0.233 a
STURT16-17 13 (±1.7) Erect 14.37 (±1.80) 7.00 (±0.18) 2.64 (±0.32) 12.00 (±0.52) 10867 (±1362) 0.194 a
PARK 01/20 13 (±1.4) Semi-prostrate 15.00 (±1.01) 6.68 (±0.18) 3.56 (±0.35) 13.00 (±0.35) 16687 (±670) 0.002 c
GLEN 03/18 12 (±1.3) Erect 12.00 (±2.0) 6.30 (±0.16) 2.98 (±0.18) 13.00 (±0.908) 12285 (±579) 0.078 b

4 March FELT 04/20 09 (±1.0) Semi-prostrate - - - - - -
STURT16-17 13 (±1.3) Semi-prostrate - - - - - -
PARK 01/20 14 (±1.2) Semi-prostrate - - - - - -
GLEN 03/18 11 (±11) Prostrate - - - - - -

p-value p = 0.004 p = 0.0001 p = 0.0002 p = 0.0002 p = 0.0001 p = 0.0002 p = 0.0003 p = 0.0005

Slope (R-V) from the reproductive biomass that was regressed with the vegetative biomass using linear functions.

There was a significant (p = 0.001) interaction effect of sowing time and population
on the plant growth habit. All populations that emerged in early spring and autumn had
prostrate to semi-prostrate growth habits, whereas plants that emerged in either end of
spring or summer had semi-prostrate to erect growth habits. Among the populations,
GLEN 03/20 showed the most prostrate growth habit, followed by PARK 01/20, FELT
04/20, and STURT/16–17, in that order.

The proportion of total biomass in vegetative (above-ground) parts varied significantly
(p = 0.003) across the four populations and sowing times (Figure 3). However, all popula-
tions had significantly (p = 0.005) higher vegetative biomass allocation in the late spring
cohort than the early spring and mid-summer cohorts. The reproductive biomass allocation
was significantly (p = 0.007) higher in the mid-summer emerged plants. The two roadside
populations (FELT 04/20 and STURT/16–17) tended to have less vegetative biomass alloca-
tion than reproductive biomass allocation at early spring, whereas the opposite trend was
observed in the cropping populations (PARK 01/20 and GLEN 03/18).
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Figure 3. The biomass allocation (% of total biomass) of four feathertop Rhodes grass populations at
four sowing times. The early-autumn cohort (4 March) had only vegetative growth because of cold
winter conditions. Different letters for the same developmental period indicate significant differences
with 5% level of significance.

3.3. Plasticity in Reproductive Effort

Feathertop Rhodes grass plants that emerged in the autumn sowing time (4 March)
did not progress to the reproductive stage and were therefore excluded from the analysis
of reproductive traits. A significant (p < 0.005) linear relationship was observed between
the total life period and the reproductive period for all populations except PARK 01/20
among the three sowing times (Figure 4A). Additionally, a similar trend was observed
between the reproductive period and the numbers of seed heads/plant (Figure 4B). Such
relationships were more pronounced in the two roadside populations than the two cropping
populations with a few outliers. The explanatory data analysis further indicated that seed
head numbers/plant at harvest differed significantly (p = 0.002) between populations
and sowing times. The seed head number per plant ranged from 2 to 20 depending on
the population and sowing time (Table 5). The two roadside populations, STURT/16–17
and FELT 04/20, had a 35% higher number of seed heads/plant across the three sowing
times than the two cropping populations, GLEN 03/18 and PARK 01/20. FELT 04/20 and
STURT/16–17 produced on average 10 and 9, 18 and 20, 12 and 14 seed heads/plant in
early spring, late spring, and mid-summer sowing time, respectively. On average the two
southern populations, STURT/16–17 and PARK 01/20, generated more (10%NS) seed heads
across four sowing times than the two northern populations, FELT 04/20 and GLEN 03/18.
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Figure 4. Reproductive period (A) and number of seed heads/plant (B) of feathertop Rhodes grass
in relation to the total life period and reproductive period, respectively. Seed head length (C) and
reproductive biomass (D) of feathertop Rhodes grass in relation to reproductive period. There
were significant (p < 0.05) differences in slopes between populations. R2 represents the co-efficient
of determination.

Seed head biomass and reproductive structure, such as number of spikelets per head,
were significantly (p = 0.002) affected by the two-way interactions of sowing time and
populations (Table 5). Seed head weight increased from the early spring to summer cohorts,
with the mid-summer emerged plants having 50% to 70% heavier seed heads than the early-
and late-spring emerged plants. The two roadside populations produced 20% heavier
seed heads than the two cropping populations. The summer emergence cohorts had
on average 13 spikelets/seed head across the four populations, which was significantly
(p = 0.001) higher than the 10 spikelets/head assessed in both the early- and the late-spring
emerged plants.

We found that seed head length did not differ significantly (p = 0.07) between pop-
ulations at each sowing time, represented by the closeness of the data points (Figure 4C).
However, head length was significantly (p = 0.001) affected by sowing time (Table 5). There-
fore, we conclude that sowing time was the main driving force to influence the seed head
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length of feathertop Rhodes grass. The largest seed head length (7 cm) was recorded in the
mid-summer sowing time followed by the late-spring and early-spring cohorts (6 cm). The
coefficient of determination (R2) value of four populations showed that the reproductive
biomass was significantly correlated with the reproductive period (Figure 4D). The mid-
summer sowing time led to the longest total reproductive period with limited variation
between the four populations.

Seed production of the four feathertop Rhodes grass populations across the four sow-
ing treatments was significantly (p = 0.0003) different (Table 5). On average, seed production
increased from the early spring (3240 seeds/plant) and late spring (8000 seeds/plant) to
the mid-summer sowing time (9942 seeds/plant). The two roadside populations, FELT
04/20 (6730 seeds/plant) and STURT/16–17 (6449 seeds/plant), produced higher numbers
of seeds per plant than the two cropping populations, PARK 01/20 (4590 seeds/plant) and
GLEN 03/18 (3590 seeds/plant), across the four sowing times despite a slight decrease in
the seed numbers in FELT 04/20 at the mid-summer sowing time.

Plasticity in allocation to reproduction is assessed by the relationship between re-
productive biomass (seed head with seeds) and total vegetative biomass (leaf and stem)
(Figure 5). For all populations, the interaction effect of vegetative biomass and sowing time
on reproductive biomass was significant (p = 0.002), indicating differences in the slope of
the relationship among sowing time treatments and true plasticity in reproductive effort.
The slopes of each population at different sowing times were significantly (p = 0.0005)
different (Table 5).

Figure 5. Relationship between biomass of reproductive and vegetative biomass of four populations
of feathertop Rhodes grass at four different sowing times.

Principal component analysis (PCA) among measured traits of feathertop Rhodes
grass at four sowing times is presented in Figure 6. The proportion of the first and second
components were 56.6% and 14.4%, respectively. The first component (PC1) mainly consists
of reproductive features and these are plotted in close proximity, including reproductive
period, reproductive mass, seed head length, number of spikelets, seed head mass, and
post-reproductive period. The total life period, reproductive period, seed head mass,
number of spikelets, seed head number, and vegetative mass are positively correlated with
PC1, but their relative contribution varied. The vegetative period was negatively correlated
with PC1. This component can be viewed as a measure of the reproductive fitness because
of the different sowing times of feathertop Rhodes grass. In PCA, the second component
was mainly due to the vegetative period, total life period, and greenness.
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Figure 6. Principal component analysis (PCA) of plant morphological and reproductive features of
feathertop Rhodes grass. The first axis explains 56.6% and the second axis 14.4% of the variance. The
color of the arrows (in the bottom scale 0 to 10) represents the degree of the variation affected by
different sowing times.

Seed fecundity under different conditions is a key fitness feature of a weed species.
The additive main effects (populations), multiplicative interaction (AMMI) analysis, and
biplot of population × growing environment (P × E) of four populations were used to
evaluate seed production. The PC1 is significant (p = 0.001), with PC1 axis explaining
96% variation of the P × E (Figure 7). The two roadside populations (FELT 04/20 and
STURT/16–17) clustered together in the AMMI biplot. They are placed closer than the two
cropping populations (PARK 01/20 and GLEN 03/18) and produced a higher number of
seeds per plant across the sowing times. Seed production was largely influenced by the
mid-summer environment, rather than the early-autumn and late-spring environments.
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Figure 7. Additive main effects and multiplicative interaction (AMMI) biplot for seed production of
four populations at four different sowing times.

4. Discussion

Plant life-history characteristics vary widely within and among species, which allows
species to succeed under varying environmental conditions [23]. For example, time of
seedling emergence determines the ability of a plant to compete with its neighbours, its
survival against biotic and abiotic stresses and its reproduction [24]. Therefore, knowledge
of weed periodical emergence is important in planning effective weed control programs
such as herbicide application or non-chemical strategies. This study demonstrated that
feathertop Rhodes grass can emerge throughout the cropping season (early September to
March) of southern NSW. Feathertop Rhodes grass required a short time (2 to 4 days) from
sowing to emergence, and the time to emergence was not significantly different between
populations. All the populations emerged 1 day earlier in mid-summer treatment and we
infer that a warmer environment with sufficient soil moisture favours the emergence of
this species.

Sowing time treatments affected the amount of time that plants spent in each pheno-
logical stage in the life cycle of feathertop Rhodes grass. In southern NSW, the late-spring
emerged plants had the longest vegetative period with the shortest seed maturity period;
conversely, the mid-summer plants produced seed heads earlier in their life span than in the
early- and late-spring sowing times. The results suggest that photoperiod and temperature
could be primary environmental factors determining when the reproductive events occur.
The low temperature during June–August in southern NSW significantly impacted the
growth and development of feathertop Rhodes grass. This argument can be clarified by his-
toric weather data of WWAI. The multiple frost events eventually killed the early-autumn
emerged plants in our study. Therefore, the frost frequency and intensity are an important
benchmark for implementing an economic post-emergent control of feathertop Rhodes
grass, particularly in southern NSW.

The proportion of the total life period spent in the reproductive stages significantly
varied between environmental conditions because of different sowing times. All popu-
lations tended to have the highest post-reproductive period at the mid-summer sowing
treatment. It could have a positive effect on high seed production and contribute to the
overall fitness by replenishing extra seeds in the soil seed banks. Similarly, Zhou et al. [25]
found that later sown plants of Amaranthus retroflexus increased the proportion of total
life period spent in the reproductive stage and produced a higher number of seeds per
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plant. The vegetative and reproductive responses of feathertop Rhodes grass to the increase
in both temperature and day length towards the summer season was more pronounced
than that of the early-spring emerged plants. Feathertop Rhodes grass might be histori-
cally better adapted in northern NSW, and southern and central QLD of Australia where
temperature is generally higher than in southern Australia. Plants spend more time in
their reproductive stage with massive seed production as a form of long-term fitness. Fur-
thermore, the total life period was affected by reproductive period, which is correlated to
reproductive performance including seed head production, seed head length, and seed
production. This is more noticeable in the two roadside populations (PARK 01/20 and
GLEN 03/148). These characteristics are typical for annual plants that were well adapted
to varying environmental conditions [26]. Under favourable conditions, both total life
and reproductive periods are maximised for higher seed head, longer seed head length,
and higher number of seeds, thereby improving the overall fitness. Conversely, seedlings
that emerged in early autumn are not tolerant to cold or frost and therefore died before
proceeding to the reproductive stage. Based on our study, we can hypothesise that vari-
ation in seed production or reproductive fitness of this species is also determined by the
reproductive period.

Additionally, sowing time led to plasticity in morphological characteristics such as
plant architecture and seed head length. The plants that emerged in early spring had a
prostrate growth habit with shorter seed heads than the mid-summer emerged plants. The
late-spring emerged plants produced greater vegetative biomass, while the mid-summer
emerged plants tended to allocate more biomass for the reproductive parts than the vegeta-
tive growth. These results exhibit the plants’ phenotypic plasticity to the varying abiotic
conditions that affect morphological and physiological features. The increased reproductive
biomass of later emerged plants (mid-summer) also translated into an increased number
of seeds produced per plant. It is interesting that reproductive biomass of two roadside
populations were higher in the earliest sowing time treatment (early spring), but seed
production was still lower than the other two sowing times (late spring and mid-summer).
The reason for this is not clear; however, we hypothesise that these two populations are
less sensitive to environmental variability, showing different biomass allocation patterns
under different environments.

The cropping and roadside populations differed in their rate of development. The
time spent for reproductive periods and number of reproductive features are higher in the
two roadsides than the two cropping populations. The variation might be due to different
habitats of the populations even though they are from same geographic locations. Weed
populations that are continuously associated with specific agricultural systems may evolve
phenological patterns that optimise survival only within the most favourable growing
area [27]. The results demonstrated that differentiation between local populations was
probably encouraged by the self-pollinating reproduction of the feathertop Rhodes grass.
We believe that the source of these variations or changes came mainly from phenotypic plas-
ticity rather than from local adaption, as both roadside populations were from two different
geographic locations. A similar result was found in barnyard grass (Echinochloa crusgalli)
by Yamasue [27], who reported that morphological and phenological responses were signif-
icantly different among populations collected from different habitats. Feathertop Rhodes
grass was initially dominant in non-cropping situations in southern NSW but has gradually
moved to cropping paddocks and is now an established cropping weed. Previously, other
research on E. crusgalli showed that plant plasticity ensured the survival and reproduc-
tion of offspring in heterogenous and unpredictable environments [10,28,29]. Therefore,
such plasticity can increase the probability of a population or a species to move from one
adaptive area more easily to another.

Weed populations can differentiate genetically to become locally adapted [29–31].
Alternatively, individuals may be phenotypically plastic, expressing the optimal pheno-
type in different environments with no genetic differentiation [32,33]. It was observed
that development of size inequality of individual populations and even between plants
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within populations could contribute to reproductive success. The results demonstrated
that different populations produced different amounts of biomass and their allocation
pattern was different. This may be due to different individual responses or the resource
utilisation capability of the individual plant. Moreover, partitioning patterns were not
consistent, even though all populations emerged at almost the same time and under simi-
lar temperature and photoperiod. It is particularly true that environmental change may
induce alterations and alternations in the phenotype, but there are also influences of the
genotypic characteristics [9]. There were significant differences in seed production between
the populations at all the sowing times. It has previously been shown that population
and environment interactions largely influence plant phenological development and seed
production [24]. The four populations do not cluster together in the AMMI biplot (Figure 7)
and this suggests that they behave differently for seed production across environments.
Roadside populations were broadly adapted across a wide range of conditions and are
less responsive to the various sowing times. The proportion of their life cycle spent in
the reproductive stages was longer and the proportion of total biomass in reproductive
tissues increased in the two non-cropping populations. However, the same was not true
for the two cropping populations in the study. This predicts that the apparent difference
between the cropping and non-cropping populations within same location could be related
to the domestication of both roadside populations in non-cropping situations and different
cultivation practices for both cropping populations.

The relationship between plant size and reproductive output is central to a plant’s
strategy to convert growth into fitness [34]. A more accurate measure of reproductive
allocation is quantified by the relationship between reproductive biomass and vegetative
biomass because this considers whatever factors influenced plant size during growth. The
slope of the relationship between reproductive tissue biomass and vegetative tissue biomass
(R-V) increased from the early spring emergence to late spring and summer emergences,
indicating higher reproductive biomass per unit of vegetative biomass produced. There
was a great range in vegetative tissue biomass of individual plants of four populations
across sowing time treatments (Figure 5). The reproductive tissue biomass is linearly related
to vegetative biomass, regardless of populations. However, the slope of the relationship
between reproductive tissue biomass and vegetative tissue biomass within a population
also varied among sowing time treatments and between populations (Table 5) and this
relationship indicated true plasticity in biomass allocation across treatments. The two
southern populations had larger slope values than the two northern populations in the
early-spring emerged cohort. Conversely, the two roadside populations had higher slopes
than the two cropping populations in the late spring and the mid-summer sowing times.
Therefore, there is a trend in the changes in plasticity of southern and northern populations
in biomass allocation across sowing time treatments. The southern populations (from
southern NSW) were distinctly different for biomass allocation than the two northern
populations (from southern QLD) in the early spring sowing time. This finding suggests
that the overall R-V relationship across all treatments appears to be far more important
than the R-V relationship among individual populations shown in Figure 5. Other studies
found a linear association between plant biomass and plant seed production in both annual
weeds and crops, and claimed that high vegetative mass enhanced high reproductive mass
and plant fitness [35–37].

Currently, feathertop Rhodes grass is a problematic weed for many crops in Australia.
Feathertop Rhodes grass is difficult to eradicate once established because it produces
abundant seeds. The study confirmed the major role of environmental conditions such as
temperature and day length as the driving factors of feathertop Rhodes grass phenological
development and confirmed the diversity of the populations and their suitability to different
environments. Abiotic stresses influenced phenological development leading to seed
production for the next generations. Low temperatures or frosts can slow the rate of plant
development and can stop seed production. However, the results from this phenological
study were obtained from non-moisture-stressed condition and these need to be further
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verified under moisture stress as erratic rainfall patterns in the summer often result in
a dry period in southern NSW. Populations from even the same geographic location
may differ in characteristics and idiosyncratic ways in the magnitude and direction of
environmental effects on individual fitness. This complex mechanism may be important
for better understanding the ecological distribution of a weed species because organisms in
nature encounter numerous interacting stresses [38]. The January sowing (mid-summer)
produced the greatest number of seeds, whereas the early spring resulted in the lowest seed
production. The information of seed production is critical for effective weed control [39,40].
The more seeds produced, the more serious the potential impact on crops in the following
year. The recommendation is that controlling feathertop Rhodes grass seedlings prior to
reproduction will reduce population growth and alleviate their negative effects on crop
yield in future generations.

5. Conclusions

This study demonstrated that feathertop Rhodes grass has a prolonged emergence
pattern, from early spring through to autumn, in southern NSW. Therefore, there is need
for multiple tactics for effective control in a fallow situation, such as tillage, residual, and
post emergent herbicides. However, in a winter cropping situation in southern NSW,
the emergence in early and late spring is often challenged by strong competition from
the growing crops during the season, resulting in limited survivors (data not presented).
Plants that emerged in early autumn died before the reproductive stage because of frosts in
southern NSW. Concerted efforts should be diverted to control early emergence, especially
the mid-summer emergence caused by the removal of crop competition after harvest and
by more aggressive growth and seed production.
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