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Increasing concern for the ongoing availability and efficacy of herbicides is driving
interest in the development of alternative physical and thermal weed control methods.
Fortunately, improvements in weed detection through advancements in computing
hardware and deep learning algorithms are creating an opportunity to use novel weed
control tools, such as lasers, in large-scale cropping systems. For alternative control
options, there are two key weed control timing opportunities, early and late post-crop
emergence. Weed density for the early timing is typically higher, with a shorter window for
control. Conversely, late post-emergent treatment of surviving and late-emerging weeds
would occur in lower densities of larger and more variably sized weeds, given a prior
weed control effort, but with a longer available weed control period. Research in laser
weeding to date has primarily focused on early growth stage weeds and the ability of this
approach to control larger weeds remains unknown. This study used a 25W, 975 nm
fiber-coupled diode laser to evaluate the opportunity for control of annual ryegrass
(Lolium rigidum Gaudin) and the influence of four different growth stages (three-leaf,
seven-leaf, mid-tillering, and late-tillering). Annual ryegrass plants at each growth stage
were treated using a laser-focused to a 5mm diameter with five different irradiation
durations developing energy densities of 1.3, 2.5, 6.4, 19.1, and 76.4J mm~2. At the
three-leaf stage, all plants were controlled at 76.4J mm~2 and 93.3% controlled at
19.1J mm~2. Complete control of seven-leaf plants was only achieved at 76.4 J mm~—2.
Although laser treatments did not control mid-tillering stage plants, 76.4 J mm~—2 reduced
biomass by 60.2%. No similar reductions in biomass were recorded for the largest plants.
This initial research assists in the development of novel weed control options in the
context of large-scale conservation cropping systems. Future research should investigate
the influence of laser treatments on additional weed species and the impact of increased
laser power on larger weeds.
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INTRODUCTION

The widespread adoption of conservation agriculture in large-
scale cropping systems has resulted in improved productivity
outcomes by focusing on minimal soil disturbance, increased
soil cover, and diverse cropping species. These outcomes are
based on enhanced soil health due to improved soil structure,
better nutrient cycling and increased organic matter (Kassam
et al., 2012). Without the opportunity for using tillage-based
weed control in these production systems, weed management
is heavily reliant on herbicides. The only alternatives suitable
for routine use in cropping systems are agronomic approaches
that increase crop competition, including higher plant densities
(Lemerle et al., 2001, 2004), narrow row spacing and strategic
fertilizer placement (Kristensen et al., 2008; Bajwa et al., 2015).
Recently in Australian cropping systems, harvest weed seed
control has been adopted as a standard approach for targeting
weed seeds collected during crop harvest (Walsh et al., 2013).
There are no currently available physical or thermal weed control
methods that provide equivalent levels of efficacy and cost-
effectiveness as herbicides in large-scale conservation cropping
systems (Coleman et al., 2019; Bauer et al., 2020). However, the
selection pressure from repeated use of herbicides with similar
modes of action has resulted in the widespread evolution of
herbicide resistance (Heap, 2020). The problem of resistance
for weed control is compounded by a lack of availability of
new herbicide modes of action, negative public perception
of herbicide use and increasing regulation that is restricting
herbicide development (Duke, 2012). Reduced herbicide options
are a significant threat to conservation agriculture in large-
scale production systems driving the need for research and
development of feasible alternatives.

Site-specific application technologies enable the use of non-
selective thermal weed control methods in large-scale cropping
systems. While research and development has continued for non-
chemical control options, these approaches have not typically
progressed to commercialization, owing to high or unknown
control costs and a lack of in-crop selectivity. Fortunately,
site-specific weed control (SSWC) offers an opportunity for
selective application of non-selective methods, improving their
relevance in large-scale production systems (Coleman et al.,
2019). Until recently, the bottleneck in SSWC has been the
accurate, precise and reliable detection of weeds. However,
advancements in deep learning, now being translated into the
agricultural domain, have seen in-crop weed detection become
increasingly realistic (Lopez-Granados, 2011; Wang et al., 2019).
Greater computational speed, miniaturization, and reduced costs
are creating the opportunity for detection and fine-grained
identification to be feasible in large-scale cropping systems
and at a level of specificity that enables alternative control
options. At the highest spatial resolution for weed detection,
recent assessments of instance segmentation for common weeds
demonstrate the opportunity for exact targeting of plant center
and stem locations in both grass and broadleaf weeds (Champ
etal., 2020; Lottes et al., 2020). These developments would enable
the use of high precision weed control options such as laser and
electrical weeding. However, challenges remain in the reliability

of detection, generalization to other weed species and the ability
to handle diverse environments.

Laser treatments offer one of the highest levels of precision for
targeted weed control and can be applied as either pyrolytic spot
or stem cutting treatments. A laser is a highly directional beam of
electromagnetic energy that results in the heating of the targeted
area. Since the 1970s, there have been intermittent research
efforts on the use of lasers for the control of seedling and early
growth stage monocot and dicot weeds, which have highlighted
the opportunity for this approach. Couch and Gangstad (1974)
found treatment with a CO, laser (10,600 nm) reduced biomass
of water hyacinth (Eichhornia crassipes [Mart.] Solms). Other
glasshouse studies report significant biomass reductions in
volunteer rye (Secale cereale L.) and wild oat (Avena fatua L.)
by CO, laser-based stem clipping. However, complete control
was not observed with the regrowth of tillers post-clipping
(Bayramian et al., 1992).

Further research on the use of laser cutting for weed control
found up to 2.3] per mm of stem thickness was required to cut
stems of charlock mustard (Sinapis arvensis L.) with a 50 W CO,
laser and 0.6 mm? beam area (Heisel et al., 2001). If the cut was
performed below the apical meristem, there was a 90% reduction
in biomass for the dicot weeds. A significant reduction in biomass
was observed when two-leaf stage perennial ryegrass (Lolium
perenne L.) plants were cut 2 cm above the soil surface with the
laser, compared to the scissors, suggesting a heating effect of the
laser treatment on growth. Differences were also found between
10,600 and 355nm wavelength lasers for cutting efficiency of
charlock mustard and winter wheat (Triticum aestivum L.) based
on the increased absorption and hence explosive heating of water
by the longer wavelength laser (Schou et al., 2002).

Rather than cutting of plant tissue, laser-based cellular
ablation, and pyrolysis seek to disrupt the cellular function of
the apical meristem through exposure to high temperatures.
Evidence of the effectiveness of laser pyrolysis with diode and
CO;, lasers has been observed for the control of cultivated tobacco
(Nicotiana tabacum L.) (Wéltjen et al., 2008), barnyard grass
(Echinochloa crus-galli [L.] P. Beauv.) (Woltjen et al., 2008; Marx
et al., 2012) and redroot pigweed (Amaranthus retroflexus L.) at
the seedling, two-leaf and four-leaf growth stages. Marx et al.
(2012) found that the lowest lethal energy dose was 54 and 25 J for
barnyard grass and redroot pigweed, respectively. The research
to date has focused on early growth stage weeds (seedling to
four-leaf) with no known studies on laser efficacy on larger/older
weeds (seven-leaf to late-tillering). Broadly, two key in-crop
weed control timing opportunities exist in large scale cropping
systems, early and late post-crop emergence. Weed densities at
the early timing are typically larger, with densities in Australian
production systems of approximately five plants m~2 (Llewellyn
et al., 2016). During this critical crop growth stage, weed control
timing within a 2- to 3-week period is vital in minimizing the
impact of weeds on yield potential.

In comparison, the control of late post-emergent weeds, which
have escaped treatment, is more focused on minimizing seed set
for future seasons. Surviving and late-emerging weeds at this
stage may be present in lower densities of larger weeds and
may be more variable in weed size given the prior weed control
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TABLE 1 | Sowing dates and treatment dates for the four growth stages across
three separate trials in 2019 and 2020.

Growth stage Planting dates

Trial 1 (T1) Trial 2 (T2) Trial 3 (T3)
Late-tillering 11/04/2019 31/07/2019 18/05/2020
Mid-tillering 28/04/2019 17/08/2019 28/05/2020
Seven-leaf 12/05/2019 30/08/2019 9/06/2020
Three-leaf 25/05/2019 14/09/2019 22/06/2020
Laser treatment 18/06/2019 8/10/2019 30/07/2020
Plant harvest 12/07/2019 25/10/2019 21/08/2020

effort. However, there is a longer available weed control period.
Hence, developing control options that target larger growth stage
weeds for complementary use with initial herbicide treatments is
important in understanding the use-case for novel tools.

Annual ryegrass (Lolium rigidum Gaudin) is the dominant
weed of Australian grain production systems. There are no
studies that have investigated the efficacy of laser treatments
for the control of annual ryegrass. Addressing these gaps in
growth stage and species, this research aimed to evaluate (i)
the irradiation energy requirement (as determined by treatment
duration) of spot laser treatments to control annual ryegrass
and (ii) the influence of growth stage on energy requirement for
annual ryegrass control.

MATERIALS AND METHODS

Pot trials evaluating the effects of spot laser treatments on
annual ryegrass growth and survival were conducted in 2019
and 2020, located in an outdoor growth facility at the LA.
Watson International Grains Research Center in Narrabri, NSW,
Australia (—30.276790, 149.810460). Plants were established by
planting at least five seeds from a commercial annual ryegrass
seed lot at a depth of 10mm in 100 or 200 mm diameter
black plastic pots filled with a commercial potting mixture,
Ultragrow Platinum potting mix (Centenary Landscaping,
Queensland, Australia). The plantings were conducted four
times at 2-week intervals, with five replicates per treatment at
each planting time, establishing four growth stages for laser
treatment. Pots were routinely watered to maintain soil near
field capacity and were fertilized as required with a complete
liquid fertilizer. Plants were thinned to one plant per pot
at the one to two-leaf stage. The resulting annual ryegrass
growth stages at the time of laser treatment were three-
leaf, seven-leaf, mid-tillering, and late-tillering (Table1 and
Figure 1).

Laser Treatment

Pyrolytic laser treatments were applied using a continuous
wave (CW) 25W fiber-coupled laser diode (OptLaser,
Piaseczno, Poland). The laser produces a 975 + 10nm
beam delivered to a fixed focal length lens of 36.3mm
with an optical fiber cable. Power control was provided by

FIGURE 1 | Indicative plant sizes for the four annual ryegrass growth stages
treated (A) three-leaf, (B) seven-leaf, (C) mid-tillering, and (D) late-tillering
before laser treatment.

FIGURE 2 | Diagram of laser interlock and manual targeting method for the
CW 25W 975 nm fiber-coupled diode laser.

adjusting input driver voltage to the laser diode controller
between 0 and 5V through a custom Python 3 (Van Rossum
and Drake, 2009) command-line interface software and
Arduino driver.

The laser was mounted in a custom-built double-interlock
system (Figure 2) enabling precise targeting of weeds and safe
operation of the laser, which was contained within an additional
interlocked housing. Individual pots were positioned manually.
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TABLE 2 | Summary of laser exposure and energy parameters for the CW 25 W,
975 nm fiber-coupled diode laser.

Laser Beam Exposure Total Energy
diameter time energy density
(mm) (s) () (¥ mm~2)

CW 975 + 10nm 5 0 0 0
fiber-coupled 1 25 1.3
diode laser 2 50 2.5

5 125 6.4

15 375 191

60 1,500 76.4

Energy density is calculated as the total incident laser energy (based on a constant 25 W
expressed as J s, multiplied by exposure time) divided by the total area of the laser
spot, with 5 mm width.

FIGURE 3 | Annual ryegrass three-leaf stage plants at 3 weeks post-laser
treatment illustrating plants considered controlled (Left) and uncontrolled
(Right) with new growth emerging from the uncontrolled growing point.

Targeting was achieved using a 3% of total power setting and
a Thorlabs NIR Detector Card (ThorLabs Newton New Jersey,
USA). Plants were treated with a 5mm beam width developed
at 42 mm from lens surface for 1, 2, 5, 15, and 60s (Table 2).
The selection of laser beam diameter and hence laser beam
area (spot size) through laser optics has been shown to impact
the total energy required (Woltjen et al,, 2008; Marx et al,
2012; Kaierle et al., 2013), with larger spot sizes improving
ease of targeting, whilst smaller diameters reducing potential
energy wastage. Earlier studies suggested that the larger spot sizes
used provided improved performance, though the results were
inconclusive (Mathiassen et al., 2006). A key benefit of larger
spot sizes is the reduced requirement for exact positioning. Very
narrow beams may miss treating the growing point from small
positioning errors. The 5mm beam diameter used in this study
was based on findings from Marx et al. (2012) and Kaierle et al.
(2013), where weeds up to the four-leaf stage with laser beam
widths up to 6 mm were tested. As plants grow, the growing
point also increases in size, such that larger beam sizes may be
needed to target the larger growing points. The 5 mm beam width
was selected to accommodate both seedling stage annual ryegrass
and more mature plants. A fan inside the interlock was used to

remove smoke condensing on the lens, thus preventing damage
and reduced performance. The laser was positioned directly
above the plant, targeting the base of the leaves or center of tillers
depending on plant growth stage.

Following treatment, plants were returned to the outdoor
growth facility. Laser treatment effects were assessed through
mortality counts and dry weight cuts at 25, 29, and 22
days after treatment for Trial 1 (T1), Trial 2 (T2), and
Trial 3 (T3), respectively. Plants were deemed to be dead
if no new growth was present (Tablel and Figure 3).
Surviving plants were harvested by cutting at ground
level and placing in an envelope or small paper bag,
depending on plant size. Plants were then oven-dried at
70°C for 3 days before weighing. Plant biomass data were
converted to a percentage of untreated control for analysis
and presentation.

Statistical Analysis
Treatment durations were converted to energy density using:

P xt

penergy = W
eam

Where penergy is the energy density in ] mm 2, P is laser power
in Watts, t is treatment duration in seconds and 7y, is the
radius of the laser beam in millimeters. Energy density allows
more straightforward comparison of different beam widths, by
standardizing incident energy by spot area. The percentage of
untreated control values were analyzed using the Dose-Response
Curve (DRC) package (Ritz et al., 2015) implemented in RStudio
(RStudio Team, 2015; R Core Team, 2019) statistical software.
Dose-response analyses were plotted with ggplot2 (Wickham,
2016).

Dry weight with a standard error of the mean (n =
15) and survival counts as a percentage of total replicates
are presented in Table 3, with all three trial results grouped.
An analysis of variance was conducted in RStudio with
no significant difference at the trial level. The response of
plants as a percentage of treated control biomass response to
increasing laser energy treatment curves was fitted with the
DRC package using a three-parameter log-logistic function:

y = d/(1 + exp(b(log(x) — log(e))))

Where d is the upper limit, b is the slope of the curve, and e is the
inflection point or effective dose for 50% control. The choice of
model was determined as the optimum fit through comparison
with other functions based on the minimization of the Akaike
information criterion. Lack of fit testing was performed for
the resulting curves, with no significance found (P < 0.05)
indicating an appropriate model was chosen. Effective doses (ED)
at the 50% (EDsg) and 90% (EDgg) dry weight reduction levels
were determined with the DRC package on the modeled dose-
response curves and compared for significance from zero and
each other.
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TABLE 3 | Annual ryegrass dry weight in response to increasing laser energy
density treatments when applied to four different growth stages based on three
trials.

Growth stage Energy density Dry weight Percent control
( mm~2) (9) (%)
Three-leaf 0 0.58 +0.09 0
1.3 0.47 £0.09 6.7
2.5 0.31 + 0.09 6.7
6.4 0.08 + 0.04 53.3
19.1 0.01 £ 0.01 93.3
76.4 0 100
Seven-leaf 0 3.22 £0.36 0
1.3 3.10 £0.27 0
25 3.23 +£0.37 0
6.4 1.54 + 0.31 6.7
191 0.44 £ 0.13 26.7
76.4 0 100
Mid-tillering 0 10.77 £ 0.47 0
1.3 11.07 £ 0.59 0
2.5 10.16 £+ 0.61 0
6.4 11.23+0.75 0
19.1 9.79 £+ 0.51 0
76.4 4.28 +£0.87 13.3
Late-tillering 0 2217 £1.38 0
1.3 21.34 £1.79 0
2.5 2215 +£1.80 0
6.4 21.50 £ 2.01 0
191 21.45+1.85 0
76.4 19.85 +0.95 0

Observation error (+) is the standard error of the mean (n = 15). Mean dry weights
presented by treatment and growth stage, with controlled plants considered as zero
mass. Percent control is calculated from controlled weeds as a percentage of total
replicates (n = 15).

RESULTS

The laser energy levels used in this study were, in general, too low
given that the highest treatments tested were only effective on
three-leaf and seven-leaf stage annual ryegrass, with no control
of older growth stages. Three-leaf annual ryegrass was controlled
with 76.4] mm™2, with only one survivor at 19.1] mm~2
laser energy treatments. The highest laser energy treatment of
76.4] mm~2 controlled all seven-leaf plants (Table 3), with no
consistent control observed at other treatment energy levels.
Laser treatments consistently reduced annual ryegrass
biomass at the earliest growth stages but had little or no effect on
tillering plants (Table 3). Biomass reductions of 46.6 and 85.8%
were observed for three-leaf stage plants following treatment
with the 2.5 and 6.4] mm ™2, respectively. At the seven-leaf stage,
there were reductions of 52.1 and 86.2% observed for the 6.4 and
19.1] mm~2 treatments, respectively. At the mid-tillering stage,
annual ryegrass growth was only reduced at the highest energy
treatment, which resulted in a 60.2% reduction in biomass. At the
late-tillering growth stage, there was a minor decrease in plant
biomass of 10.4% observed at the highest laser energy treatment.

Laser Energy Dose-Response

The laser energy density required to reduce the growth of older
and larger annual ryegrass plants is substantially greater than
the density required to affect the growth of seedlings similarly.
Dose-response curves were developed to show the relationship
between increasing laser energy doses and annual ryegrass
biomass reductions (Figure 4). The growth of annual ryegrass
was restricted in a log-logistic relationship with increasing energy
treatments. The log-logistic curve failed to fit on the late-
tillering growth stage, given the lack of impact on biomass.
As highlighted by the EDsq values, there was a 2.4-fold higher
energy requirement (P < 0.05) to achieve a 50% reduction in
the biomass of seven-leaf annual ryegrass plants (6.13 & 0.37]
mm~2) compared with three-leaf plants (2.60 £ 0.37] mm~2)
(Figure 4). The energy requirements for EDsy of mid-tillering
plants were 10.1 and 23.8-fold greater (P < 0.05) than the
seven and three-leaf growth stages. There were no differences
(P > 0.05) between the EDg values of 8.32 &+ 2.33] mm 2 and
13.87 + 5.27] mm ™2 for the three and seven-leaf growth stage.
EDgg values were not found within the range of energy levels
tested for either mid-tillering or late-tillering growth stages. The
comparatively flat dose-response curves highlight that there was
little or no effect of the laser treatments on tillering plants.

DISCUSSION

The use of a laser beam to deliver targeted energy for pyrolytic,
thermal plant damage demonstrated the potential for control
of three- and seven-leaf annual ryegrass plants, with no control
observed for later growth stages. Complete control of three-
and seven-leaf plants at 76.4] mm~2 and 93.3% control of
three-leaf at 19.1] mm~2 illustrate the potential of lasers as
an effective SSWC tool for seedling annual ryegrass plants.
The lack of control of larger plants even at the highest energy
dose indicates that substantially higher laser energy treatments
beyond those tested would be required to control, or at least
significantly impact the growth of these older annual ryegrass
growth stages. Nevertheless, control of three- and seven-leaf
weeds is encouraging for the deployment of lasers in large-scale
cropping systems, indicating laser capability in weed control,
though not necessarily specific energy doses required given the
exploratory nature of the energy treatments used.

The lowest dose at which high levels of control of three-
leaf stage annual ryegrass was observed was 19.1] mm™2,
considerably higher than results recorded for barnyard-grass.
Attempts at controlling four-leaf stage barnyard grass (Marx
et al., 2012) were not successful. Control at the three-leaf
stage occurred with ~3] mm™2, though there was substantial
variability in the energy required (Woltjen et al., 2008). Previous
studies evaluating lasers for pyrolysis have not attempted to
control seven-leaf or larger weeds, with most focusing on
dicotyledonous weeds at early growth stages (Mathiassen et al.,
2006; Woltjen et al., 2008; Marx et al., 2012; Kaierle et al., 2013;
Xiong et al., 2017). The finding of complete control of seven-leaf
annual ryegrass at the highest energy treatment of 76.4] mm—2
is a significant preliminary finding, however, at the next highest
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FIGURE 4 | Influence of increasing laser energy density doses on the biomass of annual ryegrass plants when applied at four plant growth stages expressed as the
percentage of the untreated control. Growth stages treated included three-leaf, seven-leaf, mid-tillering, and late-tillering. Error bars are provided as standard errors of

50 60 70 80

treatment, 19.1] mm~2, only 23.3% control was achieved. These
results suggest that smaller increments in laser energy between
the chosen levels are required to determine the point of adequate
control more precisely.

Our CW 25 W fiber-coupled diode laser delivered inadequate
energy after 60s for control of tillering annual ryegrass.
This result highlighted the inadequate power and hence low
rate of energy delivery of the laser in addition to the low
maximum treatments used for large weeds. In large-scale crop
production environments, even low weed densities of 5 plants
m~2 (Llewellyn et al., 2016) dictate that per-weed treatment times
must be significantly lower than the 15 and 60 s durations that
were found to control three-leaf stage annual ryegrass. These
results and this requirement for large-scale systems suggest that
(1) more energy is required for control of larger weeds and (2)
if lasers are to be relevant in large-scale production systems,
laser power must be sufficient to deliver the energy required in
a short duration. The present study used energy treatments that
were too low for the large weeds tested, with future research
seeking to increase total energy delivered. Concerning laser
power, it appears that the lethal temperature of thermal control
options is inversely related to the exposure time (Sutcliffe, 1977;
Ascard et al., 2007), where the rate of delivery does not seem
to impact the efficacy of laser weeding. For example, Woltjen
et al. (2008) observed no difference in energy requirement for
control of barnyard grass between a 500 W CO; laser and a
250 W diode laser. It should be noted that previous results
have suggested that laser wavelength is an important factor
(Kaierle et al., 2013) in the efficiency of control of seedling weeds
whereby this comparison used two distinct laser wavelengths.
Thus, it remains unclear as to whether a rapid energy delivery

rate from a high-power laser would result in adequate heat
movement through the larger weeds or simply pyrolyze surface
tissue, with char acting as an insulator protecting the plant
from further damage. Similar insulating effects of char are used
for fire safety practices in buildings (White and Dietenberger,
2010).

The spot size of 5mm chosen for the present study
was based on findings in Marx et al. (2012) and Kaierle
et al. (2013). Studies incorporating larger spot sizes and
larger ranges of energy densities would be necessary for
future research in determining the importance of spot
size in controlling large weeds. Further, incorporating
adaptive optics techniques that could change the spot
size in the field depending on target weed size and
environment could help enable smarter targeting of weeds
by size.

The present study represents the first investigation of annual
ryegrass, and to the best of our knowledge is the first evaluation
of lasers for control of grass weeds larger than the four-leaf
growth stage. Annual ryegrass was controlled at the highest
energy levels at both the three- and seven-leaf growth stages, with
larger plants less sensitive to the energy treatments indicating
a strong growth stage and plant size effect on efficacy. The
variability in efficacy was found to increase with lower doses,
indicating consistent levels of weed control requires delivery
of larger quantities of energy. A more detailed analysis of
temperature changes and heat movement in both the plant and
soil at each energy dose may provide some answers on variability
and targeting. Further investigation is required to determine
the practicality and energy requirements needed for consistent
control of tillering and mature annual ryegrass. The use of
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more powerful lasers would increase the practicality of energy
delivery by reducing the required treatment times. The targeted
nature of lasers, coupled with advancements in the precision
of weed recognition, are offering new opportunities for weed
control tools.
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