
 

Optimizing Laser and Liquid Nitrogen Treatments for Weed Control in 

Turfgrass Systems 

 

Juan Ramon Romero Cubas 

 

Thesis submitted to the faculty of the Virginia Polytechnic Institute and 

State University in partial fulfillment of the requirements for the degree of 

 

 

Master of Science 

in Life in Science in 

Plant Pathology, Physiology, and Weed Science 
 

 

 

 

 

Shawn D. Askew, Chair 

David S. McCall  

J. Michael Goatley 
 

 

 

May 05, 2025 

Blacksburg, Virginia 
 

 

 

Keywords:  

Organic weed control 

Laser weed control 

Cryogenic liquids 

 

 

 

 

Copyright © 2025 Juan R. Romero 



 
 
 

 

Optimizing Laser and Liquid Nitrogen Treatments for Weed Control in Turfgrass 

Systems. 

Juan R. Romero 

Academic Abstract  

The increasing prevalence of herbicide-resistant weeds and growing environmental 

concerns surrounding synthetic pesticides are driving innovation in non-chemical weed control 

technologies. This research evaluated two emerging approaches based on the premise of 

machine-vision-based, individual-plant treatments to problematic turfgrass weeds: cryogenic 

liquid exposure and patterned laser energy. In the cryogenic study, a custom-built applicator was 

used to deliver precise doses of liquid nitrogen (LN) to individual plants of goosegrass (Eleusine 

indica) and annual bluegrass (Poa annua). Four field trials were conducted across two sites in 

Blacksburg, VA, testing seven LN doses (0–5.1 mL). LN reduced green cover rapidly (3 days 

after treatment) in both species, with 90% control achieved at ≥2.2 mL. Annual bluegrass 

responded consistently across trials, while goosegrass exhibited site-dependent recovery. In the 

laser study, a 10 W diode laser was used to treat four turf and weed species across varying 

pattern-averaged energy densities (PAED), pattern line spacings, and pass numbers to simulate 

systems where patterns of equidistant lines would be targeted to unwanted weeds in turf. A 

factorial design revealed that 4-mm line spacing improved control compared 1- or 2-mm line 

spacing, likely due to increased line-specific energy density. Bermudagrass (Cynodon dactylon) 

fully recovered from all treatments within 24 days, while creeping bentgrass (Agrostis 

stolonifera) had recovered less than 50%, emphasizing the need for accurate weed targeting 

systems. These results demonstrate the feasibility of LN and laser-based precision weed control 

in turfgrass systems and highlight the importance of dose optimization and spatial pattern design 

to balance efficacy with turfgrass safety. Future work should focus on integrating these tools with 

autonomous delivery platforms for scalable, selective weed management. 

 

 

 

 

 

 

 

 

 



 
 
 

 

 

Optimizing Laser and Liquid Nitrogen Treatments for Weed Control in Turfgrass 

Systems. 

Juan R. Romero 

General Audience Abstract  

As weeds develop mechanisms to survive herbicide treatments and public concern grows 

over the effects of chemical herbicides, the search for safer and more sustainable weed control 

methods becomes increasingly important—especially in areas like golf courses, sports fields, and 

lawns, where appearance and safety are critical. This project evaluated two innovative, non-

chemical approaches: one using extreme cold (liquid nitrogen) and another using focused heat (a 

laser beam). The main target weeds included annual bluegrass, smooth crabgrass, and 

goosegrass, while common turfgrasses like bermudagrass and creeping bentgrass were tested for 

treatment safety. In the liquid nitrogen (LN) trials, a custom-built applicator delivered precise 

amounts of LN to individual weed plants. Across four field trials in Blacksburg, VA, seven doses 

ranging from 0 to 5.1 mL were applied. Both species showed a rapid decline in green cover 

within three days, and doses of 2.2 mL or more achieved over 90% control. Annual bluegrass 

responded consistently across locations, while goosegrass recovery varied depending on the site. 

The laser study used a 10-watt diode laser to apply energy in line patterns with varying energy 

levels, spacing, and number of passes. A 4-mm line spacing provided better weed control than 

narrower spacings, likely due to greater energy concentration per line. Bermudagrass recovered 

fully within 24 days, while creeping bentgrass recovered less than 50%, underscoring the need 

for precise targeting to avoid injury to desirable turf. Overall, the results demonstrate strong 

potential for LN and laser-based methods in selective, non-chemical weed control. Success 

depends on optimizing both dose and spatial pattern. Future work should focus on integrating 

these approaches with automated systems to enable efficient, large-scale implementation. 
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Chapter Ⅰ. Literature Review 

Characterizing weed control in turf and the need for alternatives  

Effective weed control is a cornerstone of turfgrass management, ensuring the high-quality 

appearance and playability that homeowners, groundskeepers, and sports managers demand 

(McCarty et al. 1994; McElroy and Martins 2013). Historically, synthetic herbicides have been 

the primary tool for achieving effective weed control due to their ease of application and cost-

effectiveness on a large scale. However, recent shifts in public perception have brought new 

challenges and responsibilities for turf managers and practitioners seeking to maintain weed-free 

turf areas (Barzman and Dachbrodt-Saaydeh 2011; Golf Sustainable 2024). 

One of the primary concerns among many communities is human and environmental 

safety, especially regarding children who spend considerable time playing on turf. Although 

synthetic herbicides are regulated and generally deemed safe when used correctly, recent 

litigation regarding glyphosate has raised a movement of environmental organizations that have 

increasingly called for restrictions or pesticide bans (Donley 2019). Although herbicides like 

synthetic auxins can reduce harmful insecticide exposure to pollinators, their use could lead to a 

reduction in food resources for them. In light of these concerns, many homeowners and turf 

managers are exploring alternative approaches that can reduce the reliance on synthetic 

herbicides while still ensuring effective weed control (Godara et al. 2023; Bush and Salamanca 

2024). 

Another driver behind the quest for additional management strategies is the emergence of 

herbicide-resistant weed populations (Brosman et al. 2020). Over time, repeated use of the same 

herbicide modes of action (MOA) have fostered weeds that tolerate or survive treatments 
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designed to eliminate them. The growing prevalence of herbicide resistance in problematic 

species like annual bluegrass (Poa annua L.) and goosegrass (Eleusine indica L. Gaertn.) has 

challenged the efficacy of traditional synthetic herbicides in turfgrass. This resistance not only 

limits the effectiveness of once-affordable herbicides but also places a greater burden on turf 

managers to rotate MOAs or integrate other more time-consuming weed control methods 

(McCurdy et al. 2023). 

In response, turfgrass researchers and industry professionals are working to develop and 

refine alternative solutions. Recent studies have investigated 14 different non-synthetic 

herbicides, which show promise as eco-friendly herbicides; however, these products fail to 

provide long-term weed control (Askew et al. 2024). McElroy and Bhowmik (2013) also 

advocate for improved cultural practices, such as optimized mowing and fertilization techniques 

to reduce weed pressure naturally. Mechanical weed removal methods, precision application 

technologies like targeted spraying,  heat (laser) or cryogenic treatments are increasingly being 

explored as supplementary tools to enhance weed control. These strategies do not necessarily 

replace synthetic herbicides altogether; rather, they can supplement or partially replace them, 

creating integrated management systems that address public safety concerns and resistance 

challenges simultaneously (Andreasen et al. 2024; Romero and Askew 2023). 

Organic herbicides cost and associated risk  

Organic herbicides are often perceived as more environmentally friendly options for weed 

control, yet many issues persist regarding their effectiveness, costs, and application methods. In a 

recent study, Askew et al. (2024) showed that products like Green Gobbler (containing 40% 

acetic acid) could suppress annual bluegrass when applied at 299 kg ai ha⁻¹. However, this 

control lasted only around 16 days, whereas synthetic herbicides such as glyphosate or 
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glufosinate maintained over 80% control for nearly three months under similar conditions. The 

high application rates of organic herbicides also translate to greater environmental load, 

undermining their perceived eco-friendliness (Dayan et al. 2009). Moreover, cost becomes a 

constraint, particularly in large, public areas like golf courses, parks, and sports fields, where 

budget restrictions already pose challenges. By comparison, the cost of treating one hectare with 

Green Gobbler can exceed $12,000, while a glyphosate-based solution may cost as little as $10 

per hectare. Frequent reapplication also drives up product, labor, and equipment-related 

expenses. While the ingredients of organic herbicides are naturally derived, their high application 

rates can lead to increased exposure for both the environment and human handlers. Substances 

like acetic acid and clove oil, common in organic formulations, may cause skin and respiratory 

irritation if misapplied. These hazards can be exacerbated by less stringent regulations on some 

organic products compared to synthetics, potentially enabling harmful compounds to remain in 

soil and water at unsafe concentrations (Dayan et al. 2009; Askew et al. 2024). Another point of 

concern is the environmental toxicity of certain organic herbicides. Although these products are 

biodegradable, their broad-spectrum activity can negatively affect non-target organisms, 

including beneficial soil microbes and aquatic species (Dayan et al. 2009). Thus, the assumption 

that organic compounds are automatically safer for ecosystems is not always accurate. 

Furthermore, excessive applications of organic herbicides can create ecological imbalances 

similar to those associated with synthetic pesticides when not applied following label instructions 

(Bahlai et al. 2010).  

Recent advancements in weed management, such as cryogenic weed control and laser 

weeding, represent promising alternatives to traditional synthetic and organic herbicides in 

turfgrass systems (Romero and Askew 2023). Cryogenic treatments work by exposing weeds to 
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extremely low temperatures, causing cellular damage and eventual plant death, while laser 

systems selectively target weeds using precision energy beams to destroy tissue (Sakai and 

Larcher 1987; Cutulle et al. 2013). These technologies are particularly attractive for their ability 

to reduce chemical usage and minimize environmental impact. However, both methods share 

significant challenges with organic herbicides, such as high implementation costs and operational 

complexities. Cryogenic treatments, for example, require specialized equipment and careful 

calibration to avoid damaging surrounding turfgrass, making them difficult to scale for large 

areas. Similarly, laser weeding, though highly precise, involves substantial initial investment and 

technical expertise, limiting its feasibility in many settings. Despite these hurdles, these 

technologies provide a glimpse into the future of integrated weed management, where innovation 

can reduce reliance on conventional chemical herbicides while addressing public and 

environmental safety concerns (Cutulle et al. 2013; Mathiassen et al. 2006; Tran et al. 2023). 

Cryogenic weed control using liquid nitrogen (LN) 

Cryogenic weed control utilizes extremely low-temperature materials, such as LN to suppress or 

eliminate undesirable vegetation. Liquid nitrogen is the most common cryogenic liquid for this 

purpose, operating at temperatures near −196°C. Exposing target plants to such extreme cold, 

LN induces rapid cellular rupture, protein denaturation, and tissue damage, leading to plant death 

(Sakai and Larcher 1987; Zohuri 2018). Unlike traditional chemical herbicides, cryogenic 

techniques are non-residual, reducing environmental risks such as leaching or off-target drift. 

This environmental advantage makes cryogenic weed control a compelling alternative in 

turfgrass management systems, where public and ecological safety is paramount. Only a few 

studies have explored the application of cryogenic liquids for weed control, although all of them 

were conducted in agricultural systems rather than turfgrass. Cutulle et al. (2013) demonstrated 
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that LN application at 9.3 kL ha⁻¹ controlled large crabgrass [Digitaria sanguinalis (L.) Scop.] 

and pitted morningglory (Ipomoea lacunosa L.) in fallow agricultural fields. The study also 

explored the use of a pressure-ballasted roller to enhance control by crushing flash-frozen weeds; 

however, its effectiveness varied depending on weed species, nozzle type, and nozzle distance 

from the target. Fergedal (1993) compared LN to carbon dioxide snow and found LN to be more 

effective at controlling weeds; he also reported that LN effects on grassy weeds were similar to 

flaming in terms of control and energy requirements. Both studies highlight the potential of 

cryogenic weed control but also underscore limitations such as varied output flows and selective 

applications, as the primary focus was on total vegetation control. 

Cryogenic weed control offers several advantages for turfgrass systems. First, LN has a 

minimal environmental impact, as its mode of action (MOA) is by freezing the plant tissue, 

leaving no residues that could affect non-target organisms, soil, or water sources. LN is 

considered a renewable resource since, after application, the liquefied air simply evaporates and 

returns to the atmosphere, ensuring that no persistent residues remain. Second, LN’s physical 

mode of action induces rapid and irreversible cell rupture through extreme cold. This immediate 

mechanical disruption is fundamentally different from the biochemical pathways targeted by 

chemical herbicides. Because LN causes lethal damage upon contact, even at low exposure 

dosages, it significantly reduces the likelihood that weeds will evolve resistance mechanisms, 

providing a long-term alternative for weed management. Third, advancements in machine-vision 

sprayers could enable the precise application of LN, allowing only weeds to be treated while 

sparing desirable turfgrass. Such precision significantly minimizes collateral damage and reduces 

the cost of application. Finally, using an individual plant treatment (IPT) or site-specific 

approach, LN could potentially become a practical and economically feasible solution for those 
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turf areas where public exposure is a concern, such as playgrounds, schools, or near body waters 

(Cutulle et al. 2013; Ferdegal 1993; Romero et al. 2025).  

However, adapting cryogenic weed control for turfgrass systems poses several significant 

challenges that must be addressed from both an engineering and a biological perspective. From 

an engineering standpoint, LN exhibits an expansion ratio of approximately 1:700, meaning that 

at room temperature, the rapid phase transition from liquid to gas generates a 700 times 

volumetric increase. This expansion necessitates the use of specialized containment systems 

capable of managing high internal pressures, as even well-designed insulated vessels experience 

gradual LN loss over time due to controlled venting or pressure relief. Consequently, further 

advancements in cryogenic storage and delivery technology are essential to optimize LN 

preservation and ensure consistent, efficient application (Anonymous 2022). 

The turfgrass system presents a unique set of challenges relative to production 

agriculture. The multi-tiered canopy structure of turfgrass shields emerging weed seedlings, 

typically the most vulnerable weed stage. In contrast, mature weeds, with their extensive and 

resilient root systems, may exhibit a reduced sensitivity to cryogenic injury compared to 

seedlings. This differential susceptibility suggests that a uniform LN treatment may not be 

equally effective across all weed developmental stages, thereby necessitating the development of 

variable dosing strategies or the integration of complementary mechanical interventions of LN-

delivering devices to enhance overall efficacy. 

Cryogenic weed control, like traditional organic herbicides, is inherently non-selective, 

posing a risk of damage to surrounding turfgrass. This lack of selectivity has hindered its 

utilization into turfgrass management on a large scale. While it offers a promising alternative to 

chemical herbicides by reducing environmental residues and addressing herbicide resistance, 
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significant technological advancements are needed to make it a practical solution for turfgrass 

systems. LN is not classified as herbicide and, as such, is exempt from the stringent regulatory 

frameworks that govern synthetic chemical agents. This regulatory latitude and the new 

developments in artificial intelligence (AI) could incentivize increased investment from both 

academic researchers and commercial enterprises, as the absence of bureaucratic hurdles 

associated with chemical approvals may accelerate the development and deployment of 

innovative techniques and specialized equipment for cryogenic weed control. Its use, however, 

requires strict adherence to safety guidelines due to the extremely cold temperatures and gas 

expansion rate involved, which might necessitate specialized safety equipment and operator 

training. 

Laser weed control in turfgrass settings  

Laser weeding operates by delivering focused light energy to target weed plants, causing thermal 

damage that inhibits their growth or leads to death. This is achieved by heating specific plant 

tissues, such as the apical meristem or stem, to lethal temperatures, resulting in cell rupture and 

the cessation of physiological functions (Mwitta et al. 2022; Andreasen et al. 2022). The success 

of laser weed control depends on a variety of factors, including the laser’s physical parameters 

(e.g., wavelength, power, beam diameter, and dose in joules cm⁻²) and the biological traits of the 

weeds (such as growth stage, stem thickness, and species) (Heisel et al. 2001; Mathiassen et al. 

2006).  Thicker-stemmed weeds demand higher energy inputs for effective treatment. Similarly, 

weeds at early growth stage are more susceptible to laser damage than those at more mature 

growth stages, highlighting the importance of proper timing in laser applications (Andreasen et 

al. 2024). 
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Laser beams are also a non-selective weed control method, like organic treatments. However, 

recent developments in machine learning have enabled AI systems to identify and differentiate 

between weeds and desirable species. For instance, neural networks can be trained to recognize 

weed species with high accuracy (Christensen et al. 2009; Joseph et al. 2024), permitting more 

selective laser targeting (spot treatment) and reducing collateral damage, an essential concern in 

turfgrass systems. Robotics play a crucial role in scaling laser weed control for practical use. 

Autonomous platforms equipped with lasers and AI-driven weed detection capabilities are 

already commercially available for specialty crops, with prices ranging from $0.5 million to 

$1 million. Although such systems are not yet widely used in turfgrass management. High-value 

turf areas like golf putting greens and green surrounds could be prime candidates, as they are 

particularly sensitive to herbicide injury and often have low-density weeds that escape chemical 

control. In these scenarios, laser-based technology could offer a precision alternative, where the 

high costs of AI and robotics might be offset by savings in labor and reduced chemical use 

(Andreasen et al. 2022; Askew 2023). 

Despite its promise, laser weed control faces several challenges that limit broader 

adoption. In turfgrass, we are dealing with mature weeds, as targeting weeds at the seedling stage 

is not practical because it is hard to detect with the human eye or machine vision systems. 

Furthermore, time can be a constraint when using low-power lasers. One solution might be the 

use of increasingly powerful CO₂ lasers, which operate in the far-infrared (~10.6 μm) and can cut 

stems or ablate tissues with rapid, high-energy pulses (Heisel et al. 2001). However, more 

powerful lasers also drive-up equipment costs, reducing economic feasibility for weed 

management (Tran et al. 2023; Romero et al. 2025). 
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In contrast, diode lasers operating mainly in the visible to near-infrared spectrum require 

lower power inputs and often rely on more sustained exposure (e.g., 5–6.1 W over 0.5–

1.5 seconds) to achieve weed suppression (Mathiassen et al. 2006). While they may be slower to 

destroy plant tissue than abrupt, high-energy CO₂ pulses, diode lasers offer advantages in 

portability and cost efficiency. For instance, the cost for continuous operation of a 10 W diode 

laser for 7.6 years is estimated at $ 112 in energy consumption. Their comparatively modest 

cooling requirements might facilitate its integration with autonomous robotic systems equipped 

with AI-driven weed detection. Nevertheless, as with CO₂ lasers, successful diode-based weed 

control systems will also depend on robust, well-trained machine-learning models capable of 

distinguishing weeds, especially those morphologically similar to turf (Mwitta et al. 2022; 

Coleman et al. 2020; Romero et al. 2025). 

Regulatory considerations also come into play. Laser weeding is a relatively new 

technology, and while there are no specific federal regulations in the U.S. dedicated solely to its 

use in agriculture, existing laser safety and agricultural regulations still apply. Any equipment 

modifications or operational protocols may require additional review beneath guidelines set forth 

by agencies such as the Occupational Safety and Health Administration (OSHA), the Food and 

Drug Administration (FDA), or the United States Department of Agriculture (USDA), depending 

on the device’s power and classification. These regulatory gaps can further incentivize or delay 

widespread adoption, as turf managers must ensure compliance with all relevant safety standards 

and agricultural regulations. 

The limited amount of research specifically tailored to turfgrass settings further hinders 

the adoption of laser weeding in this sector. Most published studies focus on row crops or 

specialty agriculture, leaving considerable gaps in understanding how best to adapt laser 
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technologies for dense turf canopies and perennial grass species. Future work should concentrate 

on optimizing laser parameters (e.g., beam diameter, dose, pattern, and application frequency) 

and refining AI-driven identification systems to distinguish closely spaced weeds from turf. 

Laser technology combined with AI and robotics offers a promising direction for sustainable 

weed management, with the potential to reduce dependence on herbicides and provide precision 

control. However, issues of cost, energy demands, regulatory frameworks, and selectivity must 

be addressed before widespread implementation becomes feasible in turfgrass. As research in 

this area continues, refinements in equipment design, detection algorithms, and operating 

protocols are likely to improve the practicality and effectiveness of laser weed control, paving 

the way for its integration into high-value turf management programs. 

Machine vision in precision turfgrass weed management  

Although machine vision technology was not used in this study, it represents a promising path 

for future implementation of non-chemical weed control tools like those evaluated here. Because 

our approaches (liquid nitrogen and laser) depend on highly localized, individual plant targeting, 

they could benefit significantly from integration with machine vision systems that allow precise 

weed identification and treatment. Machine vision and machine learning models have the 

potential to revolutionize weed management by addressing two critical challenges that have 

historically limited the adoption of organic and non-chemical approaches: poor selectivity and 

the associated cost (Avent et al. 2024; Petelewicz et al. 2024; Jakhar et al. 2025). Traditional 

organic weed management methods, such as mechanical tilling or flaming, often lack the 

precision required to target weeds without damaging turfgrass, leading to inefficiencies and 

increased labor costs (Koo et al. 2023). However, advancements in machine vision, powered by 

AI and deep learning, allow for precise differentiation between weeds and desirable plants. 
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These systems can process high-resolution imagery to identify specific weed species based on 

shape, color, and other distinguishing features, enabling precise targeted application of control 

methods such as lasers (Petelewicz et al. 2024; McCurdy et al. 2025). Christensen et al. (2009) 

demonstrated how AI-based detection algorithms could enhance site-specific weed control by 

directing energy or treatments only to undesirable plants. This level of precision not only reduces 

collateral damage but also minimizes energy and resource consumption, making non-chemical 

methods more cost-effective. 

Furthermore, machine vision holds promise for managing herbicide-resistant weeds, a 

growing concern in both organic and conventional turfgrass systems. By enabling site-specific 

weed control, machine vision systems can identify scapes from traditional weed management 

programs and apply alternative treatments, such as laser or cryogenic methods, that are not 

reliant on chemical pathways. This targeted approach reduces the competitive advantage of 

resistant weeds and supports integrated weed management strategies aimed at long-term 

sustainability (Askew et al. 2025).  

Turfgrass systems present unique challenges for weed control that differ significantly 

from those encountered in agricultural crop production. One critical distinction is that turf 

managers often contend with more mature weeds, which differ from the younger, seedling-stage 

weeds typically targeted in row crops. In turf, weeds are often well-established by the time they 

are treated, requiring control methods that can effectively damage or kill mature plants with 

developed root systems and multiple tillers. Unlike in crops, where seedlings can be selectively 

targeted at their most vulnerable stage, turf environments demand treatments capable of 

delivering sufficient tissue damage to either cause weed mortality or suppress growth enough to 

allow the turfgrass to outcompete the weeds (Askew et al. 2025). 
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Additionally, the dense and uniform nature of turfgrass systems complicates weed 

management. Turf weeds often grow in close proximity to desirable grasses, making selectivity 

and precision critical to avoid damaging the turf itself. The lack of clearly defined rows, as seen 

in agricultural settings, means that traditional methods relying on spatial separation between 

crops and weeds are not applicable. Furthermore, the aesthetics of turfgrass, particularly in high-

value settings like golf courses, require weed control strategies that not only eliminate unwanted 

plants but also preserve the visual quality of the turf. These constraints highlight the need for 

innovative approaches, such as laser or cryogenic methods, that can provide precise, and 

effective weed control in turfgrass systems as an alternative to herbicides. The primary 

objectives of this thesis project are -  

Research objectives 

1. Develop methods to deliver LN and laser energy to turfgrass weeds in known doses. 

2. Assess the efficacy of different LN doses to control goosegrass and annual bluegrass in 

turfgrass. 

3. Determine the temporal green color response of various turfgrass and weed species to 

varied laser intensities and patterns. 
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Abstract 

Herbicide-resistant weed populations such as goosegrass (Eleusine indica L) and annual 

bluegrass (Poa annua L) continue to challenge effective management in turfgrass systems. 

Liquid nitrogen (LN) offers a nonchemical alternative capable of rapidly destroying plant tissue 

through cryogenic damage, though its lack of selectivity has historically limited turfgrass 

applications. This study developed and evaluated a targeted LN delivery system capable of 

applying controlled doses to individual weeds. A total of four field trials were conducted across 

two sites in Blacksburg, VA to evaluate dose-response relationships for goosegrass and annual 

bluegrass. The custom device dispensed approximately LN at 3.2 mL·s⁻¹, and seven LN doses 

(0–5.1 mL) were tested in this study. Logistic regression revealed that 90% control of goosegrass 

and annual bluegrass was achieved with doses ≥2.2 mL. Annual bluegrass response was 

consistent across trials, while goosegrass exhibited trial-dependent recovery at lower doses. LN 

caused rapid and substantial reduction in green cover for both species, with limited regrowth. 

Results demonstrate LN’s potential as an organic weed control method in turfgrass, especially 

when paired with precision targeting. Future research should evaluate turfgrass recovery under 

repeated applications and explore integration with autonomous robotic systems. 

 

Nomenclature: Goosegrass, Eleusine indica L. Annual bluegrass, Poa annua L. 

Key words: Cryogenic liquid, dose response, organic weed control, turfgrass.  
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Introduction 

Weed control in managed turfgrass systems has leaned heavily on synthetic herbicides, fostering 

herbicide-resistant populations of problematic weeds like goosegrass (Eleusine indica L. Gaertn.) 

and annual bluegrass (Poa annua L.) (Allen et al. 2022; Heap 2014; Peppers and Askew 2025; 

Powles and Yu 2010; Rutland et al. 2023). The International Survey of Herbicide-resistant Weed 

Database reports 534 unique cases of resistant biotypes globally, with 8 weed species in turfgrass 

system evolved resistance (Heap 2025). Annual bluegrass, prevalent in high-value turf like golf 

courses, was documented as resistant to six different herbicide modes of action (MOA), followed 

closely by goosegrass resistance cases in similar settings (Brewer and Askew 2021; Brosnan et 

al. 2020; Heap 2025; McCurdy et al. 2023). Herbicide development has slowed, producing only 

two new MOA in the past 30 years compared to one every two years from the 1950s to 1980s, 

which, amid regulatory bans like Portland, Maine’s 2018 synthetic pesticide prohibition, 

worsened weed control challenges (Dayan 2019; Duke et al. 2024; Wilcox 2021). 

Turfgrass management prioritizes aesthetics (e.g., uniformity, color, and functionality) 

distinguishing it from agronomic systems where yield-preserving is the goal and aesthetic injury 

by herbicides is more acceptable (Beard 1972; Burke et al. 2005; Turgeon 2011). This demand 

for selectivity has constrained nonselective organic treatments, including cryogenic methods, 

which damage desirable grasses alongside weeds (Patton and Weisenberger 2012). Organic 

herbicides, endorsed by the Organic Materials Review Institute (OMRI), have risen in popularity 

as consumer and regulatory pressures favor ecofriendly options (Askew et al. 2025b; Fogliatto et 

al. 2023; Neal 2024). Yet, Reiter and Windbiel-Rojas (2020) found that 10 OMRI-certified 

products, such as acetic acid, provided only transient burndown in turfgrass, with rapid weed 

regrowth and turf injury. Askew et al. (2025a) tested 14 nonsynthetic herbicides for annual 
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bluegrass, reporting inconsistent control and aesthetic damage, highlighting the selectivity barrier 

that has historically sidelined nonselective organic options like liquid nitrogen (LN). 

LN offers a potential alternative to chemical herbicides, flash-freezing plant tissues at -

195.8°C to form ice crystals that rupture cell membranes (Cutulle et al. 2013; Romero et al. 

2025). Fergedal (1993) showed LN’s efficacy rivaled flaming for grass control, while Cutulle et 

al. (2013) controlled pitted morningglory in row crops spraying LN at 9,360 L/ha followed by a 

mechanical roller. In turf, LN’s nonselective nature, logistical challenges (storage, handling), and 

lack of targeted delivery have limited its use (Fergedal 1993; Loddo et al. 2021). Unlike 

herbicides, LN leaves no chemical residues, aligning with organic preferences. Its use, however, 

risks aesthetic degradation, critical in golf courses and athletic fields, unless applied precisely. 

Recent precision technologies may offer solutions to improve the selectivity of LN by 

targeted placement only to weeds while minimizing collateral damage to turfgrass. Machine 

vision has revolutionized selective weed control in crops, targeting individual plants with 

herbicides or lasers (Hahn et al. 2020; Riccaboni et al. 2021). Furthermore, technological 

advancements have been made in turfgrass systems. Kitchin et al. (2024) demonstrated that a 

DeepLabV3 + model can be trained to identify and quantify dollar spots in turfgrass. Their 

findings also suggested the potential to apply deep learning algorithms for other turfgrass 

diseases. On the commercial side, tools like GreenKeeper (TurfGrade, LLC) use artificial 

intelligence (AI) to analyze a complex set of data that includes historical information, weather 

and geospatial data to predict pest outbreaks and improve turf management and resource 

allocation (Kreuser 2023).  

LN can be generated on-site via air separation units, producing cryogenic air at ~$50–100 

ha-1 for small-scale setups—potentially competitive with herbicide like glyphosate ($30–70 ha-1) 
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in golf courses or sports facilities (Rutherford & Titan 2022; Romero et al. 2025). Bulk LN 

storage with automated transfer systems (e.g., insulated hoses, robotic nozzles) could minimize 

volatility losses and labor, though scaling to turfgrass settings remains unproven (Romero et al. 

2025). Golf courses might integrate such systems, but costs and safety remain essential before 

widespread adoption. Safety considerations are paramount due to the inherent risks associated 

with cryogenic technology. LN expands rapidly upon evaporation, converting from liquid to gas 

at a volumetric expansion ratio of approximately 1:694, meaning 1 liter of liquid nitrogen 

produces nearly 700 liters of nitrogen gas (USDA 2025). Improper storage or handling can cause 

significant pressure build-up; sealed or inadequately vented containers can generate extreme 

pressures, potentially thousands of psi, posing serious explosion hazards (BCC 2018). Direct 

skin exposure to LN can result in severe cryogenic burns or frostbite within seconds of contact.  

LN utilization has established safety protocols across industries but lacks detailed 

guidance for precise agricultural applications, particularly weed control (Cutulle et al. 2013). 

Unlike industrial or medical uses, where LN volume precision in mL is rarely critical, a precise 

application in turfgrass demands controlled delivery of minimal doses to reduce waste and costs, 

yet no standardized method exists. Cutulle et al. (2013) faced significant challenges quantifying 

LN for greenhouse crabgrass control, noting rapid vaporization and difficulty controlling 

application dose. Factors potentially affecting LN measurements included ambient temperature, 

device temperature, physical movement, ice buildup, and pressure fluctuations. Applications at 

field scale relied on indirect measures (tank volume and dispensing time) with output adjusted by 

tractor speed, not dependent on nozzle flow. This contrasts with conventional sprayers, which 

offer precise dose adjustments, underscoring LN’s logistical hurdles in weed management. These 

gaps highlight the need for a targeted LN delivery system in turfgrass, where selectivity and 
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aesthetics are paramount. This study developed an LN delivery system to mimic precision 

applicators, targeting individual weeds like goosegrass and annual bluegrass in turfgrass. We 

engineered a device to apply controlled LN doses, adjusted for volatility, and evaluated a dose 

range on the above-mentioned problematic weed species. Our objective was to assess LN’s weed 

control efficacy in annual bluegrass and goosegrass.  

 

Materials and Methods 

Custom LN Dispenser Design and Output Rate 

To overcome challenges in delivering precise LN doses for weed control, a custom 

dispenser was constructed (Figure 1). The device includes a timer relay (DROK 12-volt; 

Guangzhou, China) programmable in 0.1-second increments, which controls a cryogenic 

solenoid valve (Alcon 68 series; Rotork, Bath, United Kingdom) at the dispenser’s base to 

regulate LN flow. The system is enclosed in a 23-cm wide × 30-cm high insulated box 

containing a double-walled cup to maintain LN at low temperatures and minimize volatilization. 

Initial preliminary tests confirmed the custom dispenser could contain and dispense LN, 

prompting calibration of dispensing rates in mL·s⁻¹. Direct measurement of LN in the device was 

challenging due to boiling and evaporation, exacerbated by a 0.6-cm metal pipe exiting the 

reservoir and connecting the solenoid, which broke the air insulation and increased fluid 

agitation. To address this, preliminary studies were conducted in the laboratory at constant 24 C 

temperature. First, 500 mL of LN (specific density 0.808 g·mL⁻¹, equivalent to 404 g) was 

measured in a separate insulated glass using a scale (Sutekus T500E) where the fluid remained 

stable. Transferring LN to the dispenser resulted in consistent volume loss, quantified by 

weighing the empty device (baseline) and again after adding 500 mL of LN. Across twenty 
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transfers, an average loss of 13.87 mL per transfer with a standard error of 0.35 mL was 

recorded. 

Volatilization losses during storage were assessed by monitoring weight changes every 

60 seconds with the solenoid closed (no dispensing). Repeated trials revealed a consistent 

volatilization rate of 0.31 mL·s⁻¹. An earlier prototype used two 35-psi pressure-release valves to 

manage safety risks from volumetric expansion, but excessive noise led to their replacement with 

a lid featuring a 1.2-cm-diameter vent hole. While this reduced noise and improved safety, it 

increased volatilization, as reflected in the measured rate. To determine the dispensing rate, the 

timer relay was set to remain open after filling the device with 500 mL of LN. The time from 

opening until the device emptied was recorded across multiple replications, yielding an average 

rate of 3.52 mL·s⁻¹. Accounting for transfer loss (13.87 mL) and volatilization (0.31 mL·s⁻¹ over 

dispensing time), the effective dispensing rate was determined to be 3.2 mL·s⁻¹.  

Field Studies 

Four field studies were conducted at the Glade Road Research Facility, GRRF 

(37°14'03"N, 80°26'10"W) and the Turfgrass Research Center, TRC (37°12'54"N, 80°24'46"W) 

in Blacksburg, VA, from September to December 2024 to assess LN doses to control goosegrass 

and annual bluegrass (Table 1). Goosegrass experiments were conducted on fallow sites at both 

locations, targeting mature, actively growing plants with 4 to 6 tillers at the timing of trial 

initiation. To isolate target plants and minimize data collection errors, weeds were selected from 

a larger population based on uniform size. Surrounding vegetation within approximately 1 dm² 

was hand-weeded to reduce interference. A placement guide, consisting of a wooden platform 

with a 3.5-cm diameter hole, was used to center each selected weed within the hole as the 

platform was positioned. A liquid nitrogen (LN) applicator was then placed on the platform 
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(Figure 1), aligning the nozzle directly over the weed for precise application. Seven LN doses (0, 

0.6, 1.0, 2.2, 2.9, 4.2, and 5.1 mL) were applied to goosegrass, with 10 replicates per dose. The 

experiment was arranged as a single-factor completely randomized design. 

Annual bluegrass studies spanned two sites: a dormant Zeon zoysiagrass fairway at 

GRRF and a dormant ‘Patriot’ bermudagrass fairway at TRC, both heavily infested with annual 

bluegrass but with minimal turf cover (Table 1). Selected plants were mature, averaging 3 cm in 

diameter (~7.06 cm²), and treated with the same seven treatments used on goosegrass, each with 

six replicates in an RCBD. Irrigation, herbicides, or fertilizers were not applied during the study 

duration.  

Digital images were captured using a Canon EOS 5D Mark IV camera (Tokyo, Japan) 

within a custom lightbox (1.22 m tall x 0.62 m wide) illuminated with two visible lights (Husky 

1000 lumens LED) at 0, 3, 7, 14, 21, and 28 days after treatment (DAT) to assess green cover. 

Images were analyzed with Turf Analyzer software (Green Research Services, LLC; 

Fayetteville, AR), comparing green cover reduction at each interval to pre-treatment levels for 

each species.  

Statistical Analysis 

  LN Dose was considered as a fixed effect, while replication and experimental run were 

considered as a random effect in the model statement. The green cover reduction response 

variable for goosegrass and annual bluegrass was subjected to ANOVA using PROC GLM in 

SAS v 9.3 (SAS Institute, Cary, NC). If the LN dose main effect or LN dose x experimental run 

interaction for green cover reduction was significant, means of LN doses were fit to a three-

parameter logistic nonlinear regression model, 
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𝑌 = 𝐶 +
𝐷 − 𝐶

1 + 𝑒𝑏(𝑋 − 𝐸)
 

 where Y is the percentage green cover reduction (%) at a given LN dose (X, mL/plant), C is the 

lower asymptote, D is the upper asymptote, b is the slope, and E is the effective dose for 50% 

reduction (I50). Coefficients of determination (R2) were calculated for nonlinear regressions as 

in other studies (Bailey et al. 2003) by subtracting the ratio of residual sums of squares (RSS) to 

corrected total sums of squares (CTSS) from 1 (i.e., R2 5 1 2 RSS/CTSS). 

 

Results and Discussion 

Dose-Response of Goosegrass and Annual Bluegrass to Liquid Nitrogen  

The application of LN significantly reduced green cover of goosegrass at 3 and 28 days 

after treatment (DAT) and at 3 and 28 DAT for annual bluegrass across the Glade and TRC sites. 

For goosegrass, the LN treatment effect was significant at 3 DAT (P = 0.0096, F = 8.6, df = 6), 

and not dependent on trial (P = 0.101, F = 1.82, df = 6). However, at 28 DAT, significant 

interactions between trial and treatment (P = 0.0208) suggested distinct responses across trials, 

necessitating separate or trial-specific interpretations. The trial dependency primarily influenced 

goosegrass response at lower LN doses where goosegrass was controlled more rapidly as dose 

increased at TRC 28 DAT. Since responses at 3 DAT were consistent across trials, it can be 

speculated that differences at 28 DAT are due to changes in the rate of weed recovery from 

lower doses. At TRC, growing conditions were less optimal for goosegrass growth and recovery 

following treatment, thus increasing effective control at lower doses 28 DAT. Notably, the 

second goosegrass experiment at TRC coincided with dry conditions in Blacksburg, with no 

rainfall (data not shown) and early-day temperatures of 45–57°F.  
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Regardless, the upper asymptote of cover reduction 28 DAT was similar for both 

locations, occurring at approximately 2 mL of LN (Figure 2). The calculated 90% inhibition 

levels (I90) at 28 DAT were 2.3 at GRRF and 2.9 mL at TRC (see Figure 2). “Commercially 

acceptable” goosegrass control is often reported to be at least 80% (Brewer et al. 2022a, 2022b), 

yet, herbicide programs for annual grass control in turf often fail to reach commercially 

acceptable levels (Brewer and Askew 2021; Kerr et al. 2019; Willis and Askew 2009). In the 

current study, 2 to 3 mL of LN was sufficient to achieve this level of control (Figure 2). 

For annual bluegrass, LN application also exhibited dose-dependence at both 3 DAT (P = 

0.0005, F = 24.85, df = 6) and 28 DAT (P = 0.0031, F = 13.28, df = 6), and neither response was 

dependent on trial (P > 0.05). Trends in green cover reduction fitted to a logistic equation were 

similar at both 3 and 28 DAT indicating rapid action of LN on annual bluegrass cover reduction 

(Figure 3). Calculated 50% green cover reduction (I50) was 1.2 to 1.3 mL LN at 3 and 28 DAT, 

respectively, showing slight recovery of annual bluegrass plants by 28 DAT following low doses 

(Figure 3). Annual bluegrass cover 28 DAT was reduced 90% by LN at 2.2 mL (Figure 2). This 

pattern suggests that annual bluegrass at this stage (3-cm diameter) requires similar doses for 

90% control compared to goosegrass, although goosegrass was less consistent, requiring a higher 

dose at one of two locations (Figure 2).  

The efficacy of LN for controlling both goosegrass and annual bluegrass aligns with its 

cryogenic effects, where rapid freezing disrupts cellular membranes, metabolism, and 

meristematic regions, affecting regrowth (Larson 1993; Cutulle et al. 2013). The dose-dependent 

response observed indicates that higher LN volumes cause greater tissue damage, leading to 

near-total mortality (≥ 90%) at doses ≥ 2.2 mL for both species (Figure 2). Unlike synthetic 

herbicides, LN does not rely on enzymatic inhibition or systemic translocation but induces 
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mechanical cell rupture and desiccation, likely making it effective against herbicide-resistant 

weed populations (Cutulle and Maja 2021; Askew et al. 2025). The differentiated responses 

across sites for goosegrass suggest that soil moisture, ambient temperature, and plant physiology 

influence LN performance, warranting further investigation into environmental and biological 

factors. Likewise, weeds in these studies were mature and, thus, required twice as much LN 

compared to studies where an estimated LN rate was applied to seedling weeds (Cutulle et al. 

2013). Thus, future studies should assess how weed growth stage influences responses to LN 

doses. 

Practical Implications 

Liquid nitrogen induces rapid symptom development in annual bluegrass and goosegrass, 

resembling the effects of herbicides that disrupt photosynthetic electron transport. This process 

quickly compromises cell membranes, leading to swift cellular destruction, similar to ice-

nucleation-mediated membrane disruption caused by LN. Annual bluegrass and goosegrass 

control by moderate doses of LN were comparable to market-leading synthetic herbicides like 

foramsulfuron (Willis and Askew 2009), topramezone (Cox et al. 2017, Kerr et al. 2019) 

mesotrione (Elmore et al. 2013; Goddard et al. 2021; Goncalves et al. 2021), and fenoxaprop 

(Brewer and Askew 2021), which achieved 80 to 95% weed control under optimal conditions. 

However, LN offers a residue-free alternative, making it ideal for organic weed management and 

sensitive areas in turfgrass settings where chemical residues are a concern. From a sustainability 

and safety perspective, LN’s primary limitations are its energy-intensive production via high-

pressure distillation (Mehrpooya et al. 2015), high-pressure build-up, and the risk of burns during 

improper handling. Advances in stirling cooler technology and localized LN generation could 

reduce costs, enhancing its feasibility for commercial turfgrass applications (Minale et al. 2024). 
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Integrating LN with precision application systems, such as robotic sprayers, could minimize LN 

waste, optimize field efficiency, and improve cost-effectiveness for controlling troublesome 

weeds in golf courses and sports fields. Future research should investigate long-term turfgrass 

responses to repeated LN applications in perennial systems to assess potential impacts on 

turfgrass health and soil ecology.  
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Table 1. Research experiments were conducted in Blacksburg, VA and to evaluate the effects 

of liquid nitrogen in two weed species. 

Triala Site type Weed/Turf Application  Coordinates  Soil typeb Soil pH Soil OM 

 % % 

GRRF2 Roadside Goosegrass Oct 1, 2024 37°14'01-

80°26'08 

S2 6.4 3.4 

TRC3 Roadside Goosegrass Oct 10, 2024 37.215059- 

80.412774 

S2 6.2 3.1 

GRRF4 Zoysiagrass 

fairway 

Annual 

bluegrass 

Dec 05, 

2024 

37°14'01- 

80°26'13 

S1 6.5 3.5 

TRC5 Bermudagrass 

fairway 

Annual 

bluegrass  

Dec 05, 

2024 

37°12'42- 

80°24'46 

S2 6.5 3.5 

aTrial descriptions:  

bSoil taxonomy: S1- Fine-loamy, mixed, active, mesic Ultic Hapludalfs; S2- Fine, mixed, active, mesic Typic 

Hapludults. 
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Figure 1.: Custom-built liquid nitrogen dispensing device with timer control (A); cryogenic 

solenoid (B), and complete setup showing guided placement base and LN-dispensing reservoir 

(C). 
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Figure 2. Influence of liquid nitrogen dose on digitally assessed goosegrass green cover 

reduction at 3 days after treatment (DAT) averaged over both sites and at 28 DAT at each site 

compared to initial coverage. 
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Figure 3. Influence of liquid nitrogen dose on digitally assessed annual bluegrass green cover 

reduction at 3 and 28 days after treatment (DAT) averaged over both sites compared to initial. 
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Abstract 

Laser weed control is an emerging non-chemical technology made feasible by recent advances in 

artificial intelligence and automation. This research evaluated the response of four turf and weed 

species to varying levels and patterns of laser intensity to determine practical applications of 

laser weeding in turfgrass systems. Field experiments were conducted from July 2024 to March 

2025 on research fairways in Blacksburg, VA, using a 10 W diode laser in spiral patterns with 

varying pattern-averaged energy densities (PAED). Two studies were implemented: one 

evaluated increasing energy intensity, and the other assessed combinations of line spacing, 

PAED, and number of passes in a factorial design. Line spacing significantly influenced weed 

control efficacy, with 4-mm spacing improving green cover reduction by up to 10% over denser 

patterns at the same PAED. Bermudagrass (Cynodon dactylon) recovered fully within 24 days 

post-treatment, while creeping bentgrass (Agrostis stolonifera) showed prolonged injury at 

higher intensities and wider spacings. These results demonstrate that laser weeding is feasible in 

turfgrass systems, especially with optimized energy and pattern configurations, and highlight the 

need for pattern customization to balance weed control with turfgrass safety.  

Nomenclature: Laser; intensity; energy; diode; turfgrass; weeds; crabgrass, Digitaria spp; 

bermudagrass, Cynodon dactylon; creeping bentgrass, Agrostis stolonifera; annual bluegrass, 

Poa annua; new technologies for weed control; organic treatments; artificial intelligence (AI). 

Key words: Laser weeding, turfgrass, weed control, organic treatments   
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Introduction 

The need for alternative weed control methods has increased due to restrictive pesticide 

regulations, complex registration procedures, and additional legislative constraints imposed by 

the Food Quality Protection Act and the Endangered Species Act (Dayan et al. 2009; Duzy et al. 

2023; Loddo et al. 2021). The widespread herbicide resistance among problematic weed 

populations further limits the effectiveness of traditional chemical control strategies in turfgrass 

(Brosnan et al. 2020; McCurdy et al. 2023). Growing public concern about environmental 

sustainability and potential health risks associated with synthetic herbicides (Li et al. 2014) 

further underscores the demand for innovative, non-chemical alternatives, particularly in 

residential, recreational, and urban turfgrass environments where public exposure is significant 

(Hahn et al. 2020; Md Meftaul et al. 2020). 

Laser weed control technology has become feasible with recent advancements in artificial 

intelligence (AI) and machine vision, allowing real-time weed identification while precisely 

targeting the plant meristems (Rakhmatulin et al. 2021). This method functions by directing 

concentrated light energy onto weeds, inflicting thermal damage that either stunts their growth or 

causes their termination. Laser weeding involves raising the temperature of targeted plant parts, 

like the apical meristem or stem, to lethal levels, which disrupts cell integrity and halts essential 

biological processes (Andreasen et al. 2022; Heisel et al. 2002; Mathiassen et al. 2006; Mwitta et 

al. 2022). Laser weed control utilizes machine learning algorithms to precisely target individual 

weed seedlings without damaging crops (Carbon Robotics 2025). Carbon Robotics (Seattle, WA) 

manufactures equipment featuring arrays of 30, 150-Watt CO2 lasers coupled with 42 high-

resolution AI-driven cameras for accurate weed discrimination (Carbon Robotics, 2025). 

Another company, Weedbot developed Lumina, a laser weeder prototype that uses AI for weed 
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recognition and blue lasers for targeting weeds and can operate up to 1.5 Km hr-1 (WeedBot, 

n.d.). Earth Rover developed CLAWS™, which integrates AI-driven machine vision with eight 

cameras and Lightweeder™ modules to target weeds’ meristem using concentrated blue light. 

This system is battery and solar-powered and operates autonomously (European Space Agency, 

n.d.).  

Laser weeding technology presents both advantages and limitations for weed 

management. In a recent survey of European stakeholders, key benefits identified by participants 

included reduced labor requirements, high precision in weed targeting, and environmental 

sustainability (Tran et al. 2023). Conversely, the technology still faces several challenges, such 

as high energy consumption, a narrow window for targeting weed seedlings, limited operational 

speed of 4-6 km hr-1, and substantial initial investment costs (Andreasen et al., n.d.). In turfgrass 

settings, weed management presents distinct challenges compared to production agriculture. 

Turfgrass weeds are often treated at growth stages significantly more advanced than those 

targeted in cropping systems. For example, the recommended growth stages of smooth crabgrass 

[Digitaria ischaemum (Schreb) Schreb. ex Muhl] control with Callisto (Mesotrione) at 140 g ai 

ha-1, in production agriculture are 1-6 leaf (Syngenta, n.d.), while the crabgrass is usually 

targeted with Tenacity® (Mesotrione) at 175 g ai ha-1 in turf at the 3-tiller stage or beyond. 

Targeting more mature weeds can require more laser energy. Research by Coleman et al. (2020) 

demonstrated that high-energy dosages (76.4 J mm⁻²) effectively controlled annual ryegrass 

(Lolium rigidum Gaudin) at early stages but failed to achieve adequate control at mid to late 

tillering stages. Additionally, Rakhmatulin and Heisel (2008) reported that common 

lambsquarters (Chenopodium album L. Cheal) and wild mustard (Sinapis arvensis L.) regrowth 

after stems being cut with a laser treatment at late growth stage, remarking the importance of 
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targeting stems as close as possible to the ground or targeting weeds at the seedling stage 

(Andreasen et al. 2022).    

Mature weeds have greater shoot biomass, increased numbers of meristems, and 

enhanced tolerance to mechanical disruptions, presenting significant hurdles for laser weed 

management (Sugiyama 2005). For instance, smooth crabgrass and goosegrass [Eleusine indica 

(L.) Gaertn.] can tolerate mowing heights as low as 1.2 cm while surviving in rosette patterns in 

which a mature plant can develop over a dozen tillers in summer (Abbey et al. 2022). Although 

laser weeding through rapid energy bursts has proven effective in controlling small seedlings in 

production crops, its use for managing mature weeds and its effects on turfgrass tolerance have 

not yet been investigated. Thus, optimizing laser parameters, including energy intensity, 

application pattern, and treatment frequency, is critical to effectively manage mature turfgrass 

weeds without negatively affecting desirable turfgrass.  

Both laser energy quantity and pattern would be expected to influence weed control 

because parameter changes will lead to modifications in intensity. By optimizing these 

parameters, this research seeks to reduce the time and energy needed to control key weeds in 

turfgrass and evaluate turf recovery rates. This work is based on the assumption that equipment 

similar to machines already commercialized in production agriculture could likewise be used to 

apply laser energy directly to targeted weeds in turfgrass systems. In most production agriculture 

systems, laser weeding is performed by applying energy to a single point on individual weed 

seedlings, typically at the apical meristem, using stationary or pulsed delivery systems 

(Mathiassen et al. 2006; Heisel et al. 2002). This approach is effective at early growth stages but 

less applicable to turfgrass settings, where weeds are often mature, low-growing, and embedded 

within a dense canopy. In contrast, our proposed method involves delivering laser energy via a 
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continuously moving laser head over the weed-infested turf surface. This movement results in a 

distinct spatial and temporal energy distribution not addressed by previous single-point 

applications. To quantify this dynamic delivery system, we introduced the concept of laser 

pattern-averaged energy density (PAED), which integrates energy, movement, and spacing 

parameters into a single metric. Expressed in J cm⁻² to represent spatially averaged energy across 

the treated area. PAED allows us to compare and optimize laser dose delivery across treatments 

in a way that is both reproducible and applicable to complex turfgrass environments. The 

objectives of our research were to develop a method to deliver laser energy to turfgrass and weed 

species. This research aims to address significant knowledge gaps regarding the practical 

application of laser weed technology in turfgrass. Specifically, to identify optimal laser 

application parameters for effectively targeting mature weeds, reduce the energy and time 

required for weed control, and evaluate turfgrass recovery post-treatment. The objectives of our 

research experiments include examining the impacts of varying laser energy levels, line spacing, 

and one or two passes on weed control of annual bluegrass (Poa annua L.) and smooth 

crabgrass, and turfgrass recovery rates for key turf species, such as bermudagrass (Cynodon 

dactylon L. Pers.) and creeping bentgrass (Agrostis stolonifera L.). 

 

Materials and Methods 

Weed and Turfgrass Response to Increasing Pattern-Averaged Energy Density  

A total of 8 field experiments were conducted to test doses of PAED on four species at 

two unique sites in space and/or time from July 2024 to March 2025. All experiments were 

conducted on research fairways (mowed at 13 to 19 mm thrice weekly) at the Turfgrass Research 

Center (TRC) (37°12'54"N 80°24'46" W) and the Glade Road Research Facility (37°14'03"N 
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80°26'10" W) in Blacksburg, VA. All species were evaluated in separate studies. Weeds included 

natural infestations of smooth crabgrass and annual bluegrass. Turfgrasses include bermudagrass, 

‘Patriot’ at Site 1 and ‘Latitude 36’ at Site 2, and creeping bentgrass, ‘L93’ at both sites. Each 

study was implemented as a single-factor randomized complete block design with four 

replicates, and two trial sites. The single factor consisted of six different levels of pattern-

averaged energy density (PAED) achieved by altering operating speed of a 10 W diode laser 

engraver (Xtool D1, Makeblock Co., Ltd., Shenzhen, China) with a 0.08 mm × 0.06 mm laser 

dot (Table 1), while consistently applying two passes of a continuous square spiral with lines 

spaced 2 mm apart (Figure 1B) on 100 cm2 plots. Levels of PAED, line-specific energy density 

(LSED) and other treatment parameters are listed in Table 1. Laser PAED is the amount of 

energy delivered over the total area where a given pattern has been burned and is expressed in 

Equation 1 as, 

    PAED (J cm-2) = (e*t)/A     [1] 

where e is laser energy in (W), t is time to treat a given pattern on a given plot in (s), and A is the 

area of the treated plot in (cm2). The LSED, which is the amount of energy delivered in each 

pattern line, is explained in Equation 2 as, 

    LSED (J cm-2) = (e*t)/At     [2] 

where At is the ratio of treated area to total area in each plot. These calculations allow 

comparison of treatment intensities across moving laser patterns and ensure consistent reporting 

of both total energy exposure and concentrated dose at the point of contact. The diode laser was 

directed via LightBurn software (LightBurn Software, LLC.; Pasadena, TX). Plot edges were cut 

before each data assessment with a 1 dm-2 metal tubing to avoid lateral growth into the plots 

from adjacent, nontreated areas. The use of a two-pass pattern with 2-mm line spacing was based 
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on preliminary experiments, where laser energy delivered in two passes delayed creeping 

bentgrass recovery compared to one pass and equivalent to three passes (Romero et al. 2023). 

Digital pictures were collected at 0, 3, 7, 14, 21, and 28 d after treatment (DAT) using a custom 

lightbox mounted with a digital camera (Canon EOS 5D Mark IV; Tokyo, Japan) and a 100 mm 

macro lens EF 100 mm f/2.8L (Macro IS USM; Tokyo, Japan) affixed with an exclusion plate 

with an opening specific to each plot. Digital images were analyzed for green cover based on hue 

and intensity thresholds via Turf Analyzer (Green Research Services, LLC.; Fayetteville, AR). 

Green cover data at each assessment date was converted to a percent reduction compared to the 

initial pretreatment cover. Percentage-cover-reduction data from each species were subjected to 

ANOVA using PROC GLM in SAS v 9.3 (SAS Institute, NC) with sums of squares partitioned 

to reflect treatment, trial, and trial by treatment. Trial was considered a random variable in the 

combined analysis, and mean squares of treatment were tested by mean squares of trial by 

treatment. Means were separated using Fisher’s Protected LSD (α = 0.05) and separately by trials 

if the interaction was significant; otherwise, means were pooled over sites.  

Weed and Turfgrass Response to Varied Laser Pattern at Discreet Energy Levels  

A total of 8 field experiments were conducted as randomized complete block designs at 

adjacent sites and times compared to the previous study but employing a 2 x 2 x 3 factorial 

treatment design (Table 1). The three factors evaluated were two levels of PAED (200 and 400 

J/cm2), three levels of line frequency in a continuous square spiral (1, 2 or 4 mm apart, Figure 1), 

and the number of times the laser passed over each line (once or twice) (Table 2). Subsequent 

passes were initiated immediately after completing the entire pattern. The two levels of PAED 

were based on results of the first experiment. Data collection and statistical analysis were the 

same as the previous study, although, the ANOVA included additional partitions for the sums of 
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squares of PAED, pattern line spacing, number of passes, trial, and all possible interactions of 

these variables. In all cases, significant interactions were presented in lieu of main effects.  

 

Results and Discussion 

Weed and Turfgrass Response to Increasing Pattern-Averaged Energy Density  

Smooth crabgrass. The interaction of trial by treatment was significant for smooth crabgrass 

green cover reduction at 3 DAT (P < 0.0001) and 28 DAT (P = 0.0091) (Figure 2). At 3 DAT, 

both sites exhibited rapid discoloration, with cover reduction exceeding 90% at 160 J cm⁻² 

PAED. By 220 J cm⁻², responses had plateaued near 95% at both locations, indicating consistent 

acute injury across trials at higher dosages. However, differential recovery was observed by 28 

DAT. At Site 1, green cover reduction reached 93% at the maximum dose of 410 J cm⁻², while 

Site 2 maintained 82% reduction, suggesting less persistent injury under those conditions. These 

trial-dependent outcomes may reflect differences in crabgrass maturity (2-4 tillers at Site 1 vs. 4-

6 tillers at Site 2), edaphic factors, or irrigation regimes. Nonetheless, the level of suppression 

observed is comparable to that of postemergence herbicides such as fenoxaprop (Brewer et al. 

2017), mesotrione (Goncalves et al. 2021; Goddard et al. 2021), quinclorac (Willis et al. 2006), 

and topramezone (Cox et al. 2017).  In addition, the conditions of this study, although optimized 

for tracking fluctuations in weed green cover via digital image analysis, preclude turfgrass 

competition with weeds, which could have enhanced weed mortality or reduced weed recovery 

(Koo et al. 2022). 

Annual bluegrass.  The trial by treatment interaction was significant (P = 0.0016) for annual 

bluegrass control 3 DAT, while only the treatment main effect remained at 28 DAT (P = 0.0014) 
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(Figure 3). The source of the trial interaction at 3 DAT may lie in higher green cover reduction 

of annual bluegrass at lower PAED doses (< 70) at Site 1. For example, 50% green cover 

reduction required 55 J cm-2 and 43 J cm-2 PAED at Sites 1 and 2, respectively, 3 DAT (Figure 

3). At 28 DAT, annual bluegrass recovered from laser treatments consistently across trials 

leading to 50% green cover reduction by 200 J cm-2 PAED and 80% reduction at 340 J cm-2 

PAED. Thus, annual bluegrass was seen as an excellent candidate to evaluate potential benefits 

of pattern manipulation, which will discussed in the next section. At 410 J cm-2 PAED, annual 

bluegrass cover was reduced 89% at 28 DAT, consistent with better performing herbicides such 

as foramsulfuron (Willis et al. 2008), trifloxysulfuron (Askew et al. 2013), flazasulfuron 

(Goddard et al. 2022), glyphosate (Askew et al. 2019), glufosinate (Craft et al. 2023), 

methiozolin (Askew and McNulty 2014) and endothall (Peppers et al. 2025). Alternative 

strategies for annual bluegrass control are important to address herbicide-resistant biotypes that 

have become persistent in recent years (Bowling et al. 2024; McCurdy et al. 2023). These data 

suggest laser energy could be an effective measure to support this industry need.   

Bermudagrass. Laser energy rapidly discolored bermudagrass in response to increasing PAED (P 

= 0.0005) consistently across trials, as evidenced by an insignificant treatment by trial interaction 

3 DAT (P > 0.05) (Figure 4). Bermudagrass discoloration peaked at 90% following treatment of 

180 J cm-2 PAED or more 3 DAT (Figure 4). Despite initial discoloration, bermudagrass 

recovered rapidly at both locations, although significantly (P < 0.05) slower at Site 1 where 

green cover reduction 14 DAT by 410 J cm-2 PAED was 44% compared to only 27% by this 

energy dose at Site 2 (Figure 4). at 28 DAT, bermudagrass had recovered entirely independently 

of the energy level. Bermudagrass also recovered from thermal treatments such as hot water and 

direct flame more rapidly than other turfgrasses (Anonymous 2021). Although green cover 
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reduction of turfgrass at this scale would not normally be commercially acceptable (Patton et al. 

2010), laser applications made by machine-vision would primarily direct radiation to targeted 

weeds. Given that bermudagrass recovers more rapidly than both smooth crabgrass (Figure 2) 

and annual bluegrass (Figure 3), the prospects of targeted weed control in turfgrass with lasers 

are rendered more plausible. 

Creeping bentgrass. The interaction of trial by treatment was significant for creeping bentgrass 

green cover reduction at 3 DAT (P = 0.0051) and 28 DAT (P < 0.05) (Figure 5). By 3 DAT, both 

sites exhibited strong initial responses, with green cover reduction reaching 91% at 160 J cm⁻² 

PAED at Site 1 and 90% at Site 2 — indicating that creeping bentgrass is highly sensitive to 

laser energy. At 28 DAT, creeping bentgrass injury persisted at Site 1 with a 59% cover 

reduction at the maximum 410 J cm⁻² dose, while Site 2 exhibited a reduced response of 65%, 

suggesting slightly less recovery under those trial conditions. Although environmental factors 

such as soil moisture were not recorded, they likely contributed to observed site-dependent 

effects, consistent with results from other thermal weed control studies (Anonymous 2021). 

Despite some variability, creeping bentgrass showed relatively high susceptibility and limited 

recovery compared to smooth crabgrass and annual bluegrass. While our study design does not 

support direct species comparisons, general trends suggest that C4 species like crabgrass may 

recover more robustly than C3 grasses such as creeping bentgrass. Prior research in agronomic 

systems has shown that species-specific traits and growth stages significantly influence laser 

efficacy (Andreasen et al. 2024), a finding further reinforced in this turfgrass study. 

Weed and Turfgrass Response to Varied Laser Pattern at Discreet Energy Levels 

  The main effect of pattern line spacing was the only significant effect (P < 0.05) for 

smooth crabgrass green cover reduction 3 DAT (Table 2). By increasing line spacing from 1 mm 
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to 2 or 4 mm, smooth crabgrass cover reduction was increased by 8 to 10%. This phenomenon 

was also exhibited in the significant interaction of trial by pattern-averaged energy density by 

pattern line spacing (P < 0.05) where the 1-mm spacing reduced smooth crabgrass cover 28 DAT 

less than the 4 mm spacing at both sites when 200 J cm-2 PAED was applied and at Site 2 when 

400 J cm-2 PAED was applied (Table 2). This pattern influence likely occurred because the 4-

mm line spacing had line-specific energy densities that were four times greater than the 1-mm 

line spacing (Table 1). Within a given site, the 4-mm line spacing applied at 200 J cm-2 PAED 

consistently reduced smooth crabgrass, equivalent to 400 J cm-2 PAED applied in a pattern of 1-

mm line spacing (Table 2). This is the first report regarding how altering laser patterns can 

change plant responses across PAED levels. In prior research conducted in production 

agriculture, only seedling weeds have been targeted (Heisel et al. 2001; Yaseen and Long 2024). 

A relevant comparison between the laser pattern assessments in this study and previous work can 

be drawn from Mathiassen et al. (2006), who demonstrated that increasing laser spot diameter 

(from 0.9 mm to 2.4 mm) significantly reduced weed control efficacy at a given energy dose, due 

to the lower energy density delivered to the apical meristem.  

 Annual bluegrass cover reduction exhibited a trial by pattern line spacing interaction due 

to differences in the performance of the 1-mm spacing between sites at 3 DAT (Table 2). At Site 

2, annual bluegrass cover was reduced less by the 1-mm spacing while cover reduction was not 

dependent on spacing at Site 1 (Table 2). At 28 DAT, annual bluegrass cover reduction exhibited 

only a line spacing main effect with a stepwise increase in cover reduction as line spacing 

increased from 1 mm to 4 mm. These data suggest that line spacing strongly influences weed 

control and potentially could be optimized beyond the 4-mm spacing assessed here. Future 

research should evaluate an expanded range of line spacings to determine if further optimization 
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is possible. As in the previous study, laser weed control can be comparable to leading herbicides 

(Brosnan et al. 2013; Flessner et al. 2017), given the appropriate laser pattern and intensity. 

Both turfgrasses exhibited rapid recovery from laser treatments but on different temporal 

scales. Thus, rather than report data at discreet assessment times as was done for the weeds, it 

seemed more appropriate to calculate maximum cover reduction and time to complete recovery 

(bermudagrass) or percentage recovery at 28 DAT (creeping bentgrass). The interaction of 

PAED by line spacing was significant for maximum bermudagrass cover reduction (P < 0.05) 

(Table 3). At the lower energy level, the 1-mm spacing reduced bermudagrass green cover 

slightly less than the 4-mm spacing, while differences between line spacings were not evident 

when the PAED was increased from 200 J cm-2 to 400 J cm-2 (Table 3). Bermudagrass recovery 

time varied by line spacing but was dependent on site (P = 0.0029 Table 3). At Site 1, it took 3 

additional days for bermudagrass to recover following the 4-mm spacing, but this trend was not 

evident at Site 2. Bermudagrass recovery required 21 to 24 d depending on site and line spacing. 

Although similar recovery durations have been noted following herbicide injury (Brewer et al. 

2017; Cox et al. 2017), such durations are generally deemed unacceptable. Thus, targeted weed 

control via machine vision (Xie et al. 2021) will be important to improve selectivity of laser 

weed control in turfgrass. 

Maximum cover reduction for creeping bentgrass was influenced by a line-spacing-by-

pass-number interaction (P < 0.05) and a site-by-line-spacing interaction (P < 0.05) (Table 3). 

Creeping bentgrass cover was maximally reduced 79 to 91% depending on pass number, line 

spacing, and site. When one pass was applied, the LSED is the same as for two passes (Table 1), 

but all of the energy is delivered in a single pass rather than split between the two passes. This 

led to a step-wise increase in maximum creeping bentgrass cover reduction with line spacing at 



54 
 

one pass while both 2- and 4-mm line spacings maximally reduced creeping bentgrass cover 

equivalently and more than the 1-mm spacing when two passes were applied (Table 3). At both 

sites, the 1-mm line spacing caused maximum cover reductions that were less than those of the 2 

mm and 4 mm line spacings. Creeping bentgrass recovery at 28 DAT exhibited an interaction 

between trial and line spacing (P < 0.05) (Table 3) similar to that of maximum cover reduction. 

When 1-mm spacing was used, creeping bentgrass recovered 47 and 65% of its initial cover at 28 

DAT (Table 3). For the 4-mm spacing, recovery was only 37 to 42%, depending on site (Table 

3).  

These data show that line spacing and PAED of a continuous square spiral of laser 

radiation influences plant responses for both weed and turfgrasses. Likewise, the effectiveness of 

laser treatments observed in this study is consistent with previous research, highlighting the 

ability of lasers to disrupt critical plant tissues through focused energy application, thereby 

minimizing environmental disturbance like chemical or mechanical methods (Yaseen & Long 

2024; Andreasen et al. 2022). Trends in the data suggest that both site conditions and targeted 

plant species may influence plant response to laser energy, but limitations in our design preclude 

specific inferences related to environmental conditions or species.  Laser performance for weed 

control has been shown to depend on laser parameters and weed species traits (Mathiassen et al. 

2006), though environmental site conditions remain an area requiring further exploration. 

Integrating autonomous robots could enhance the practicality of laser weeding within 

turfgrass environments, mainly due to time constraints. Autonomous robotic systems, equipped 

with advanced navigation and real-time identification capabilities, might reduce labor 

requirements while reducing the use of chemical herbicides, following a trend that calls for less 

pesticide usage. However, laser weeding presents certain challenges that require attention for 
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broader adoption. Variability in weed species characteristics, particularly stem thickness and 

resilience, necessitates precise calibration of energy density (Heisel et al. 2002; Mathiassen et al. 

2006). The scalability and speed of current laser weeding technology present additional 

challenges, with high initial costs and operational speeds potentially limiting widespread use in 

larger turf areas. Previous studies suggest that deploying robotic fleets could mitigate some 

scalability issues (Yaseen & Long 2024). Safety considerations, including potential fire hazards 

in dry turf conditions, demand the incorporation of advanced sensor technologies and robust 

safety protocols, as recommended by earlier studies (Andreasen et al., 2022). Addressing these 

concerns is vital for safe, effective, and widespread use of laser weeding. 

This research demonstrates that laser parameters can be strategically customized to 

improve time and energy efficiency while maintaining effective weed control. This work is the 

first to report the influence of laser patterns on mature weed control and shows that changes in 

pattern line spacing can influence weed control, potentially reducing energy requirements by 

half. Future studies will investigate the influence of environmental conditions such as 

temperature and humidity and expand the exploration of laser application patterns. Additionally, 

further work is needed to assess a broader spectrum of weed and turf species, including different 

growth stages. Improving weed detection algorithms will also be critical to boosting precision 

and reducing costs. By addressing these technical and biological challenges, laser weeding is 

well-positioned to become useful tool in sustainable turfgrass management. 
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Table 1.  Parameters of laser energy and varying pattern for two studies conducted to influence 

smooth crabgrass, annual bluegrass, bermudagrass and creeping bentgrass green cover over 

timea.  

Treatment 

Pattern 

spacing Passes 

Treatment 

time 

Pattern-averaged 

energy densityb 

Line-specific 

energy 

densityb 

Area 

treated by 

the laser 

 mm  s dm-2 ---------- J cm-2 ---------- % 

Study 1       

1 - - 0 0 0 0 

2 2 2 4160 416 11429 3.64 

3 2 2 1560 156 4286 3.64 

4 2 2 960 96 2637 3.64 

5 2 2 693 69 1905 3.64 

6 2 2 543 54 1491 3.64 

Study 2       

1 1 1 2000 200 2801 7.14 

2 2 1 2000 200 5495 3.64 

3 4 1 2000 200 10584 1.89 

4 1 1 4000 400 5602 7.14 

5 2 1 4000 400 10989 3.64 

6 4 1 4000 400 21195 1.89 

7 1 2 2000 200 2802 7.14 

8 2 2 2000 200 5496 3.64 

9 4 2 2000 200 10584 1.89 

10 1 2 4000 400 5602 7.14 

11 2 2 4000 400 10990 3.64 

12 4 2 4000 400 21664 1.89 
aLaser spot diameter was 0.08 mm × 0.06 mm  from a 10 W diode laser and delivered a 

continuous square spiral pattern to 100 cm2 plots in all cases. For patterns that received 2 passes, 

the second pass was initiated immediately after the first pattern was finished. 
bLaser intensity was based on the pattern-averaged energy density (PAED) calculated as PAED 

(J cm-2) = (e*t)/A where e is laser energy (W), t is time to treat a given pattern on a given plot 

(s), and A is the area of the treated plot (cm2). The line-specific energy density describes 

radiation actually delivered to each line in a given pattern and is calculated as LSED (J cm-2) = 

(e*t)/At where At is the ratio of treated area to total area in each plot. 
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Table 2.  Main effect of laser pattern line spacing on smooth crabgrass and annual bluegrass 

green cover reduction at 3 days after treatment (DAT) and 28 DAT, respectively; Interaction of 

trial by pattern-averaged energy density (PAED) by pattern line spacing for smooth crabgrass at 

28 DAT; and interaction of trial by pattern line spacing for annual bluegrass green cover 

reduction at 3 DATa. 
 Smooth crabgrass Annual bluegrass 

  PAED 200b at 28 DAT PAED 400b at 28 DAT 3 DAT  

Spacing (mm) 3 DAT Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 28 DAT 

1 85b 61b 58c 84b 62b 94a 89b 39c 

2 94a 83a 64b 89a 86a 95a 93a 55b 

4 95a 90a 69a 85ab 87a 95a 93a 69a 

aLaser spot diameter was 0.08 mm × 0.06 mm from a 10 W diode laser and delivered a 

continuous square spiral pattern to 100 cm2 plots in all cases. For patterns that received 2 passes, 

the second pass was initiated immediately after the first pattern was finished. 
bLaser intensity was based on the pattern-averaged energy density (PAED) calculated as PAED (J 

cm-2) = (e*t)/A where e is laser energy in (W), t is time to treat a given pattern on a given plot (s), 

and A is the area of the treated plot (cm2). The line-specific energy density describes radiation 

actually delivered to each line in a given pattern and is calculated as LSED (J cm-2) = (e*t)/At 

where At is the ratio of treated area to total area in each plot. 
cMeans followed by the same letter within each column are not different based on Fisher’s 

protected LSD (α = 0.05). 
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Table 3.  Interaction of laser pattern-averaged energy density (PAED) by pattern line spacing on 

maximum bermudagrass green cover reduction; interaction of trial by pattern line spacing for 

bermudagrass time to complete recovery, creeping bentgrass maximum cover reduction, and 

creeping bentgrass recovery at 28 days after treatment (DAT); and interaction of pattern passes 

by pattern line spacing on creeping bentgrass maximum cover reductiona. 
 Bermudagrass Bentgrass 

 Max reduction (%) Time to recover (d) Max reduction (%) Max reduction (%) Recovery at 28 DAT 

(%) 

Spacing 

(mm) 

PAEDb 

200 

PAEDb 

400 

Site 1 Site 2 One pass Two 

passes 

Site 1 Site 2 Site 1 Site 2 

1 90b* 96a*c 21b 24a 81b 79b 82b 79b 47a 65a 

2 95a 96a 21b 24a 86ab 86a 87ab 85a 41b 47b 

4 97a 98a 24a 24a 91a 88a 91a 88a 42b 37c 

aLaser spot diameter was 0.08 mm × 0.06 mm from a 10 W diode laser and delivered a 

continuous square spiral to 100 cm2 plots in all cases. For patterns that received 2 passes, the 

second pass was initiated immediately after the first pattern was finished. 
bLaser intensity was based on the pattern-averaged energy density (PAED) calculated as PAED 

(J cm-2) = (e*t)/A where e is laser energy (W), t is time to treat a given pattern on a given plot (s), 

and A is the area of the treated plot (cm2). The line-specific energy density describes radiation 

actually delivered to each line in a given pattern and is calculated as LSED (J cm-2) = (e*t)/At 

where At is the ratio of treated area to total area in each plot. 
cMeans followed by the same letter within each column are not different based on Fisher’s 

protected LSD (α = 0.05). A “*” indicates differences between PAED or number of passes within 

a given level of pattern line spacing. 
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Figure 1. Schematic representation of a continuous square spiral pattern (A) 1 mm spacing (B) 2 

mm spacing (C) 4 mm spacing between lines (D) Example of a 2 mm spacing pattern burned in a 

smooth crabgrass weed.  
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Figure 2. (study #1) Influence of laser intensity levels achieved by different speeds on digitally 

assessed smooth crabgrass green cover reduction compared to the initial cover, at 3 days after 

treatment (DAT) and 28 DAT by site. 
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Figure 3. (study #1) Influence of laser intensity levels achieved by different speeds on digitally 

assessed annual bluegrass green cover reduction compared to the initial cover, at 3 days after 

treatment (DAT) by sites (S1 and S2) and average over sites at 28 DAT. 
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Figure 4. (study #1) Influence of laser intensity levels achieved by different speeds on digitally 

assessed bermudagrass green cover reduction compared to the initial cover, at 3 days after 

treatment (DAT) average over sites and 14 DAT by sites (S1 and S2). 
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Figure 5. (study #1) Influence of laser intensity levels achieved by different speeds on digitally 

assessed creeping bentgrass green cover reduction compared to the initial cover, at 3 days after 

treatment (DAT) and 28 DAT by site. 
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