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Farmers are greatly interested in reducing weed seeds in their fields to avoid unnecessary weed infestation. Autonomous vehicles equipped with plant recognition systems and lasers can be used to control weed plants and may therefore be used to replace or supplement herbicides and mechanical weed control. However, less is known about the ability of laser to control weed seeds. In this study, seeds of weeds (Alopecurus myosuroides, Anisantha sterilis, Avena fatua, Centaurea cyanus, Silene noctiflora) and crops (wheat (Triticum aestivum), maize (Zea mays)) were exposed to increasing dosages of laser energy. The species represented dicots and monocots with different seed sizes and morphology. We used a thulium-doped 50 W fiber laser with a wavelength of 2 µm and a diameter of 2 mm developed for weed control. The seeds were exposed to laser directly on the seed surface or after been covered with soil (2.5 and 5 mm). Small doses of energy (0.4 J mm−2 and 0.8 J mm−2) affected the germination ability of small seeds (S. noctiflora and C. cyanus) when the seeds were irradiated directly on the seed surface, and they were completely burned at the high doses (8.0 J mm−2 and 15.9 J mm−2). However, there was not a clear relationship between seed size and sensitivity to laser dose. Additionally, increasing the laser dose on the seed surface resulted in increasing infection of fungi. Seeds covered with soil were not affected by the laser treatments except C. cyanus seeds. Controlling large seeds on the ground while weed seedlings are controlled with laser robots seems realistic in the future. However, dosages higher than 50 J (~15.9 J mm−2) is necessary to control large seeds.
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1 Introduction

The pesticide directives in Europe provide a framework for action for promoting the adoption of low pesticide input approaches, particularly integrated pest management (IPM) (EU, 2009; Lefebvre et al., 2015). Integrated weed management (IWM) means integrating multiple weed control methods into a single weed management program.

Due to the challenges posed by conventional weed control, there are currently several research and commercial projects underway to develop autonomous vehicles equipped with lasers to control weed plants in field crops (e.g., https://carbonrobotocs.com; https://weedbot.eu; https://welaser-project.eu).

Recognition systems based on artificial intelligence have been developed to locate and identify small weed seedlings (Rakhmatulin et al., 2021), and mirrors are used to direct laser beams toward the target to harm or kill the weed plants with heat (Emmi et al., 2023). Laser weeding seems promising as a tool to replace or supplement herbicides and mechanical weed control (Coleman et al., 2021). A laser beam only affects the weed plants while conventional weed control affects almost the whole cropping area. In contrast to herbicide application, laser weeding leaves behind only the ash from the burned plants which may serve as fertilizer for the crop (Andreasen et al., 2022). If a laser beam accidentally hits non-target organisms on the plant or on the ground, like pests and beneficial insects, they will also be harmed or killed depending on the applied laser energy dose (Mullen et al., 2016; Gaetani et al., 2021; Andreasen et al., 2023). However, as only a tiny field area will be exposed to the laser beam, the probability of hitting non-target organisms is very small. In general, European stakeholders seems to have a positive attitude to autonomous laser-based weeding systems because this solution addresses the challenges posed by labor shortages and the negative environmental impact of conventional weed control (reduced biodiversity, soil disturbance and compaction, and CO2 emissions) (Tran et al., 2023).

Recently there has been increasing interest in IWM strategies to avoid unnecessary input to the soil weed seed bank to reduce weed infestation in the following growing seasons. This can be done by increasing seed predation in the field or using harvest weed seed control (HWSC). Weed seed predators have been suggested to increased weed seed mortality in agricultural ecosystems, including pre-dispersal and post-dispersal of predators as biological control agents (Navntoft et al., 2009; Baraibar et al., 2011; Sarabi, 2019). HWSC systems have been developed to collect and/or kill weed seeds at harvest, for example, by collecting chaff in carts, or using weed seed destructors (Walsh et al., 2012, 2018). There seems to be a great potential to reduce weed seed input to the soil seed bank in European fields using such methods (Bitarafan and Andreasen, 2020a, 2020b; Akhter et al., 2023).

Farmers have also addressed whether lasers could be used to kill weed seeds on the ground and in the soil. Recognition systems based on visual images, multispectral imaging, and deep learning for seed identification are currently being developed (e.g., Arefi et al., 2011; Olesen et al., 2014; Shrestha et al., 2015; Luo et al., 2023), and commercial products have been marketed to the seed industry to identify and count the number of seeds of different plant species and deviant crop seeds in purity tests in laboratories (see e.g., https://videometer.com/videometer-seedlab). Similarly, artificial intelligence can be used to develop seed recognition systems to find weed seeds on the soil surface in the field, and a laser beam can potentially harm or destroy the seeds.

We used a 50 W thulium-doped fiber laser with a wavelength of 2 µm and a diameter of 2 mm to describe the dose-response relationship between laser energy application (up to 15.9 J mm−2) and the germination ability of seeds of different weed species with different morphology and biomass. The laser was developed to control weed seedlings in fields by an autonomous vehicle (Emmi et al., 2023). The fiber laser is considered more beneficial for weed control than a CO2 laser, in which energy is primarily absorbed on the surface of the plant (Wieliczka et al., 1989). The water inside the target cells mainly absorbs the 2 µm wavelength given by the fiber laser. Therefore, a thulium-doped fiber laser with a wavelength of 2 µm has been installed in the autonomous vehicle for laser weeding developed in the EU project WeLASER (https://welaser-project.eu/). Weed plants on the cotyledons and two permanent leaf stages are usually killed when they are exposed to about 20 J mm−2 (Heisel et al., 2002; Andreasen et al., 2022). The aim was to investigate how increasing laser dose affected the germination of different common weed and crop species on the soil surface. We also studied whether the treatments could affect seeds in the uppermost soil layer.




2 Materials and methods



2.1 Laser equipment

We used a thulium-doped 50 W fiber laser with a collimated beam (Ø: 2 mm) with a wavelength of 2 µm manufactured by Futonics Laser GmbH, Katlenburg-Lindau, Germany (Figure 1A). The laser was placed within a steel box (68 cm × 68 cm × 68 cm) with a door with a metal interlock (Andreasen et al., 2023). On laser activation, the door locked automatically to avoid the risk of laser exposure.




Figure 1 | (A) Laser set up: Laser head pointing directly toward the seeds covered with soil in the germination box. (B) Metal frames (thickness: 2.5 and 5 mm) with holes for 50 seeds. (C) Germination boxes with emerging Centaurea cyanus seedlings.



The seeds were placed approximately 40 cm below the laser head and exposed to increasing dosages of laser energy up to a level of 15.9 J mm−2. The highest dose may be used to control seedlings of weeds in agricultural and horticultural fields.




2.2 Plant species

Two dicot and five monocot species with different weights and morphology were chosen for the experiment (Figure 2, Table 1). Alopecurus myosuroides Huds. was chosen because it is a grass weed with relatively small seeds (caryopsis). It poses increasing problems in annual Northern European winter crops like winter wheat and winter barley (Menchari et al., 2007). Herbicide-resistant biotypes are common (Heap, 2023). Anisantha sterilis (L.) Nevski was chosen because it is a grass species with long narrow seeds. It is mainly a problem in field margins and in conservation agriculture characterized by reduced mechanical soil disturbance (Clarke et al., 2000). Avena fatua L. is a noxious grass weed with large seeds (Beckie et al., 2012). In Denmark, farmers are obliged to control the weed according to the law (Anonymous, 2020). Centaurea cyanus L. is a dicot and has a special seed looking like a little brush. It occurs widely in European agricultural fields but is increasingly rare, with acetolactate synthase inhibitors-resistant biotypes only listed in Poland (Stankiewicz-Kosyl et al., 2020). Silene noctiflora L. is a dicot and was chosen because of the small seed size. The species is relatively common in summer annual crops (Andreasen and Stryhn, 2012). All weed seeds were produced from plants collected in fields belonging to the University of Copenhagen, Højbakkegaard, Taastrup (55° 38’ N, 12° 17’ E), Denmark. The two crop species, wheat (Triticum aestivum L. cv. Complet) and corn (Zea mays L.cv. Augustus KWS), were chosen because their seeds have a large biomass compared to the weed seeds. Wheat often occurs as a volunteer in the following crop (Anderson and Soper, 2002).




Figure 2 | Seeds exposed to laser irradiation: (A) Alopecurus myosuroides (caryopsis) (B) Anisantha sterilis (caryopsis), (C) Avena fatua (caryopsis), (D) Centaurea cyanus (achene), (E) Silene noctiflora (achene), (F) wheat (Triticum aestivum) (caryopsis), (G) corn (Zea mays).




Table 1 | Characteristics of seeds exposed for increasing dosages of laser energy.






2.3 Irradiation of seeds

Three experiments were conducted with dry seeds. In experiment 1, single seeds were placed below the laser head on a piece of paper and irradiated directly on the seed surface in the middle of the seed. Seeds were irradiated on the dorsal, ventral, or in any other random natural position. Four replicates of fifty seeds of each plant species were irradiated with one of six laser dosages (0, 1.25, 2.5, 5, 25, and 50 J, corresponding to 0, 0.4, 0.8, 1.6, 8.0, and 15.9 J mm−2). Afterwards, the seed was moved to a germination plate with filter paper placed in a transparent germination box (11. 5 cm × 7.5 cm × 5 cm) with a plastic lid. The filter paper was kept continuously moist by a wick, extending down into an underlying water bath. Seeds were spaced uniformly and adequately apart on the filter paper. This setup ensured appropriate oxygen and water availability during the experiment (ISTA, 2011). The experiment was done twice (50 seeds × 4 replicates × 6 doses × 6 species × 2 experiments). The general recommendations concerning germination tests were followed (ISTA, 2011). After the treatment, the boxes were placed in a germination chamber at 20°C ± 2°C with 12 hours of light and 12 hours of darkness. The germination was recorded after ten days. The seeds were considered germinated when a sprout of a minimum 2 mm was observed from the seed.

In experiments 2 and 3, 50 seeds were covered with soil before irradiation. Four transparent boxes (21 cm × 11 cm × 3.5 cm) with 50 seeds were used for each of the same laser doses as in experiment 1. Each seed was placed in the middle of a hole in a metal frame with 50 holes and with a thickness of 2.5 or 5 mm (Figure 1B). The frame was placed on the surface of moist sandy soil containing 9% clay, 10% silt, 32% fine sand, 47% coarse sand, and 2% organic matter. Like in experiment 1, the seeds were placed randomly in the middle of the hole, so the upper surface of the seed was on the same level as the soil surface. The seeds laid on the dorsal, ventral, or in any other random natural position (Figure 2). Hereafter, the seeds were covered with 2.5 mm (Exp. 2) or 5 mm (Exp. 3) unsterilized soil before irradiation, corresponding to the thickness of the frame (Figure 1B). We aimed to hit the soil with the laser beam in the middle of the holes. The soil was exposed to the laser treatment immediately after the seed was covered with soil leaving very few minutes for the seeds to take up water from the soil before the treatment. For each laser dose, there were four replicates in each experiment. The experiments were repeated (50 seeds × 4 replicates × 6 doses × 2 seeding depth × 2 experiments). The doses that were used were the same as in experiment 1. After the treatment, the frame was removed, and the boxes were placed under the same conditions as in Experiment 1 (Figure 1C). The germination percentage was estimated after 10 days. Emerged plants were identified and recorded. Natural incidence of germinating weed seeds of other plant species in the soil were removed daily. All experiments were kept moist during the experimental period to ensure good germination conditions.




2.4 Statistical analyses

All data sets, defined by repetition and sowing depth, were individually analyzed using a dose-response model assuming a binomial distribution of the germination data. Different dose-response models were used according to best fit as judged by AIC (Akaikes Information Criteria). Overview of the used models is shown in Table 2. Estimated parameter values for all repetitions were combined in a meta-analytic linear mixed model (Jensen et al., 2020) with parameter as fixed effect and experiment as random effect and an unstructured variance-covariance matrix. The effective doses, ED10, ED50, and ED90, resulting in a 10, 50, or 90 percentage reduction in the germination percentage, respectively, was estimated from the combined model.


Table 2 | Statistical model used to the experiments.



To estimate the mean germination percentage if no dose-response trend was present, data were analyzed using a logistic regression model with intercept only.

The germination percentage from the highest laser doses were estimated using a logistic regression model and germination percentages were compared between depths within species by post hoc pairwise comparisons. All analyses were done with the statistical software R version 4.2.0 (R Core Team, 2022), and specifically the extension package drc (Ritz et al., 2019) for dose-response modeling, metafor for meta-analytic models (Viechtbauer, 2010), lme4 for logistic mixed models (Bates et al., 2015), and multcomp (Hothorn et al., 2008) for post hoc pairwise comparisons.





3 Results

The effect of the increasing laser energy doses on the germination of the plant species are shown in Figures 3–9. Estimated parameters are shown in Supplementary Table 1 in the Supplementary Material. When dry A. myosuroides seeds were irradiated on the soil surface with increasing energy doses, the germination ability of the seed population decreased. The highest dose (15.9 J mm−2) reduced the germination percentage to about 50% (Figure 3). Less seeds germinated within the 10 days in the control groups when the seed samples were covered with soil. When A. myosuroides seeds were covered with 2.5 or 5 mm soil, there was no effect of the irradiation.




Figure 3 | Dose-response experiments with Alopecurus myosuroides. Seeds were treated directly on the seed surface, and thereafter covered with 2.5 or 5 mm of soil.






Figure 4 | Dose-response experiments with Avena fatua. Seeds were treated directly on the seed surface, and thereafter covered with 2.5 or 5 mm of soil.



The deeper the seeds were buried the longer time it took to penetrate the soil layer and emerge. Therefore, the germination percentages did not reach the same level within the 10 days as for the uncovered seeds. Avena fatua and S. noctiflora seeds showed the same tendency as A. myosuroides (Figures 4, 5). Soil covered Centaurea cyanus seeds were slightly affected by the largest laser dosages (Figure 6). Silene noctiflora and C. cyanus having the smallest seeds, were completely burned at the highest doses (8.0 and 15.9 J mm−2) when they were uncovered. Even at a low dose (0.40 mm J−2), the germination ability of S. noctiflora was decreased. Generally, the larger the seed biomass, the less affected was the germination percentage of the treatment. The germination percentage of A. sterilis seeds covered with soil was not affected by the laser dosages (Figure 7). The same was the case for wheat and maize seeds although there seemed to be a weak decrease in the germination percentage at the highest dose (15.9 J mm−2) (Figures 8, 9).




Figure 5 | Dose-response experiments with Silene noctiflora. Seeds were treated directly on the seed surface, and thereafter covered with 2.5 or 5 mm of soil.






Figure 6 | Dose-response experiments with Centaurea cyanus. Seeds were treated directly on the seed surface, and thereafter covered with 2.5 or 5 mm of soil.






Figure 7 | Dose-response experiments with Anisantha sterilis. Seeds were treated directly on the seed surface, and after covered with 2.5 or 5 mm of soil.






Figure 8 | Dose-response experiments with wheat (Triticum aestivum). Seeds were treated directly on the seed surface, and after covered with 2.5 or 5 mm of soil.






Figure 9 | Dose-response experiments with maize (Zea mays). Seeds were treated directly on the seed surface, and after covered with 2.5 or 5 mm of soil.



Fungal infection was observed on seeds treated with laser on the seed surface. The infection increased with increasing laser dose (Figure 10) and over time. A slight infection was seen in wheat and maize germination boxes on Day 5 at a dose of 15.9 J mm−2. On Day 8, most of the maize and wheat seeds (>90%) were germinated in all boxes except for the highest dose (15.9 J mm−2), and fungal infection was developed in all boxes with laser treated seeds. On Day 10, all boxes were moldy apart from the controls where no fungal infection was observed.




Figure 10 | Dose-response experiments with wheat (Triticum aestivum). Increasing energy exposure to the seed surfaces resulting in increasing infection with fungi. At the highest dose (15.9 J mm−2) all seeds became black after 10 days, but the germination percentage remained high.






4 Discussion

The effect of the laser dosages on the germination percentage of the plant species deviated between the species when the seed surfaces were exposed directly to the laser beam. All species were affected by the highest dosages. There was no unambiguous relation between seed size and susceptibility to laser probably because the chosen plant species had different seed morphologies. The grass seeds were protected by glumes and lemmas, and the thickness of the seed coat, the biomass, and the position of the seed germ and endosperm varied greatly between the species (see Figure 2, Table 1). However, it was clear that the smallest seeds were the most susceptible.

The laser did not affect the germination percentage of seeds covered with 2.5 mm or 5 mm soil except for C. cyanus seeds, which were, however, only slightly affected. Generally, seeds placed in 2.5−5 mm depth seemed well-protected from laser dosages up to 15.9 J mm−2. The soil was only exposed for one second for the laser beam at the highest dose, which we assume was not enough to transfer the heat 2.5 mm down in the moist soil but may have caused soil water evaporation. The heat spread in the soil from the laser beam depends on the water content, soil structure and composition. It cannot be excluded that other soil conditions, like a lower or higher water content or different soil textures would result in other germination responses. Andreasen et al. (2023) studied the effect of laser on different soil worm species (Enchytraeus albidus and E. crypticus) living in tubes with 10 g of different soil textures with a water content of 50% of the soil water capacity. Except in one experiment, the mortality of the worms after two weeks was unaffected by the laser energy, corresponding to 23.9 J mm−2 on the surface, indicating that a short pulse of energy did not have a significant effect on the mortality of the organisms.

Dry seeds were used in these experiments. The effect on wet or imbibed seeds may be different (Zhu et al., 2002). Fungal infection was clearly caused by the laser treatment because no control boxes became infected. The laser treatment wounded or penetrated the seed coat making access for fungi infection. The infection may have caused the minor decrease in the germination ability of maize and wheat at the highest laser dose (15.9 J mm−2) (Figure 10).

The 2 mm circular laser beam hit approximately in the middle of the seeds in all experiments. Hence, the laser energy only covered a part of the surface of the large seeds such as A. sterilis, A. fatua, wheat, and maize seeds. In contrast, the whole seed surface of S. noctiflora was exposed to irradiation. Therefore, tiny seeds are more exposed and significantly more affected than large seeds, even at small dosages. Many common weed species have considerably smaller seeds than S. noctiflora (e.g., Arenaria serpyllifolia L., Papaver rhoeas L., Stellaria media (L.) Vill.) (Holm-Nielsen, 1998), and therefore, might be even more sensitive to low laser dosages.

The diameter of the laser beam was 2 mm covering an area of (π × r2) = (22/7) × 12 mm2 = 3.14 mm2. Using a larger beam diameter (e.g., 4 mm) would cover a larger area of the seeds (12.57 mm2) and increase the probability of hitting a seed on the ground. However, distributing the energy on a larger area would be less effective or require more energy to obtain the same effect per area. The 2 mm beam diameter was chosen because it has been suggested for weed control (see https://welaser-project.eu/).

Some seeds of corn and wheat got a laser hole in the endosperm region of the seed, but the seeds germinated anyway. The higher the dose, the more fungal infection was observed, which may influence seed vigor and seedling performance. The impact on the large seeds would probably have been more pronounced if the laser had targeted the embryo of the seed. Using artificial intelligence to recognize the embryo region on larger seeds may be possible in the future (e.g., on cereals and weed seeds like Anisantha sterilis and Avena fatua seeds).

Although we made a great effort to place the seeds in the middle of the holes in the metal frames to ensure targeting the seeds after they were covered with soil, we cannot exclude that all seeds were just below the laser-exposed spot. Some of the smallest seeds may have been placed on the border or beside the exposed soil area, which could have affected the results.

In general, tiny weed seeds can easily be destroyed with relatively low laser energy, but they are challenging to recognize. They easily roll down between soil particles and disappear. They are difficult to hit with the laser under field conditions when an autonomous vehicle with laser equipment moves with a certain speed (e.g., 2−6 km hour−1). Large seeds like Avena fatua and volunteers (e.g., wheat and barley) are easier to identify and target but require a larger dose to harm or kill.

We do not consider using autonomous vehicles only to control weed seeds on the ground economically feasible. However, targeting larger seeds with a laser while weed seedlings are controlled with lasers may be an option in the future. Still, it requires developing seed recognition tools based on artificial intelligence (Zhao et al., 2022). Many common weed species continuously shatter their seeds during the growing season (Burton et al., 2016; Bitarafan and Andreasen, 2020b). Laser-based weed control will often require several treatments, for example, in row crops (Andreasen et al., 2022), and potential weed seeds could be detected on the ground and killed simultaneously. Our result shows that it is necessary to use higher laser energy dosages to harm large seeds than to control small weed seedlings.

The WeLASER project (https://welaser-project.eu/) focused on controlling weed seedlings in sugar beet and maize fields where row distances often are between 50−75 cm. Such crops are weak competitors to weeds early in the season because the crops cover the ground late, and 3−4 passes are often necessary to control weeds, which continuously germinate and establish if sufficient light reaches the ground. In such crops, it makes sense to control seeds on the soil surface while the laser robot controls the weed seedlings.

In conservation tillage systems, the laser may be a valuable tool to control seeds on the soil surface. However, no-till cropping systems are often characterized by a high content of organic matter on the soil surface, which may cover shattered weed seeds or makes them difficult to find. Under dry conditions, special precautions must be taken to avoid laser weeding igniting dry organic material and starting a fire.




5 Conclusion

The germination ability of the plant species was differently affected by the laser treatments. Small seeds (S. noctiflora and C. cyanus) were significantly affected by low laser energy doses on the seed surface and completely burned at high dosages (8.0 and 15.9 J mm−2). Anisantha sterilis seeds were only affected by the high laser doses. There was not a clear relation between seed size and the effect of the lasering. Increasing laser dose resulted in increasing fungal infection of seeds irradiated directly on the seed surface. Although the seed germination of maize and wheat was almost unaffected by the lasering, seeds receiving the largest dosages became more infected than seeds exposed to small doses, which may influence the vigor. Seeds covered with a soil layer (2.5 or 5 mm) were not affected by the laser treatments except C. cyanus. Controlling large weed seeds and seeds from volunteers on the ground while weed seedlings are controlled with lasers seems realistic in the future but energy doses larger than 15.9 J mm−2 would be necessary to kill large seeds like cereals. Still, it requires the development of seed recognition tools based on artificial intelligence and field tests, for example, with the WeLASER robot, to assess its suitability for weed seed control. Laser weed seed control might be more appropriate on ploughed fields in row crops like sugar beets and maize than in no-till cropping systems due to the risk of igniting dry organic material on the soil surface and starting a fire.
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