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Abstract

:

A search for energy efficient, non-herbicide weed control methods led to development of a novel electrical weeding technology. This study focuses on weed control efficiency and energy as elements of a system that would include machine vision and robotics to control escape weeds in field crops. Two pulse generation systems, one single and one multiple, were developed and evaluated at different delivered voltages and energies. Greenhouse trials using specially designed and built application and recording technology showed the application of precisely applied micro-shocks with precisely controlled direct current (DC) voltage, pulse number, pulse length and period (hereafter PMS) can kill small Lolium multiflorum Lam., Chenopodium album L., Amaranthus powellii S. Wats. and Solanum nigrum L. plants with minimal energy. Plants took as much as two weeks to die. Increasing applied energy increased effectiveness as determined by plant biomass reduction and death rate. Grasses appear difficult to control once tillering has commenced, and high voltages may destroy leaf blades but not growing points. Broadleaved plants took several days to show evidence of chlorosis which preceded senescence and death. Our results showed that 5 J is sufficient energy to bring about death or severe growth limitation in many seedlings up to 15 cm height. This is as little as 1% of the energy of, and more effective than, ultra-low energy treatments reported in other recent research. To control five herbicide resistant weeds m−2, the required energy would be about 0.25 MJ ha−1 plus transport and actuation energy for weed destruction, as compared to an optimum target of about 20–40 MJ ha−1 including transport suggested in the literature. PMS can effectively control broadleaved weed seedlings and small non-tillering grasses at a fraction of the energy required by commercially available systems. This indicates PMS has potential as a viable technology for hand-held electric weeders or as part of a site-specific robotic weeding system.
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1. Introduction


Replacements for weed control chemicals are sought, driven by increasing herbicide resistance [1,2,3], consumer preferences for chemical free food [4,5,6,7,8,9], public concern about residues in water [10,11], and awareness of potential impacts of chemical treatments on soil microflora [12]. A concurrent movement is towards more conservation agriculture, systems that are typically reliant on herbicides [13,14]. Conservation agriculture is accompanied by greater quantities of ground cover in the form of crops, cover crops or crop residues. This makes mechanical weed control by tillage difficult, so non-contact methods are preferable [15].



Labour supply shortages coupled with rapid advances in robotics and vision analytics are helping push automation and systems adaptable to a robotic platform. With respect to autonomous weeding in sugarbeet, eight evaluation criteria and target values were proposed for a concept selection matrix: weed control efficiency (90% target), ability to target weeds (including under crop leaves), resolution of action (control border <5 mm), work rate (10 weeds sec−1 per row or 0.5 m s−1 operational speed), auxiliary rate (labour to assist the tool ~18 min per 2 h), energy (~2 kJ m−1 row), applicability to autonomous vehicles (<150 kg, <1 m width and height) [16], and material costs (€11,250) [17]. Of the technologies available, we believe electric weeding has most potential to address the criteria above, as part of an overall robotic solution.



Electric weeding has a long history, with the first patents in the 1890s [18,19] and has subsequently been the subject of ongoing development and patent applications [20,21,22,23,24,25]. Development in the 1970s and 1980s [22,26] competed with the advent of cost-effective translocated herbicides such as glyphosate combined with “weed wiper” application technology [27]. With increasing objections to glyphosate and increasing herbicide resistance, electrical weeding is again the subject of research and development [28,29,30]. Electric weeding plant selectivity has been achieved by physical separation, notably treating taller weeds in low-growing crops, such as bolters in sugar beet [31]. Many technology firms are active in the field, some reviving the 1980s systems, others moving to smaller robotic mounted systems [32,33,34,35,36]. Considerable research effort is developing vision systems and plant recognition algorithms to discriminate between crop plants and weeds [37,38,39,40,41]. An electric system would be useful in wet soil conditions when mechanical weeding is difficult or ineffective. It could replace herbicides in organic food production or amenity or urban settings.



The energy requirements of different weeding methods have been variously determined and reported [42,43,44,45]. Nørremark et al. [16] propose a target of 2.01 kJ m−1 of row for inter-row weeding of crops in 50 cm rows. This equates to 40.2 MJ ha−1 which is about twice Coleman et al.’s estimates of 19 MJ ha−1 [44] assuming 5 plants m−2, a reasonable assumption for post-weeding escapes [31,45].



Use of both alternating and direct current (AC and DC) electrical circuitry and spark or continuous contact applications has been reported [28,46]. Most commercially available equipment uses continuous contact application, operating at tens of kilovolts, and many amps [21,26,47,48]. This is effective but does pose a high risk to operators or accidental contacts. Treatment at these energy levels is typified by steam and sparks or flame. In dry conditions, there would be a high risk of fire, a factor that must be managed. Energy of 4 kJ–111 kJ plant−1 was reported using continuous contact in greenhouse conditions [49]. To reach the target of Nørremark et al. [16], this would allow for only one weed every 2–55 m of row length. An alternative to continuous current is some form of pulsed or spark treatment. Pulsed DC currents were shown to be more energy efficient than sinusoidal AC in creating intracellular plant tissue damage [50]. For the same input energy, the energy release in tissues was more than five times higher from pulsed DC.



A low-energy electrical weeding approach reported a short 15 kV AC pulse could “effectively destroy” a small Cerastium holosteoides Fries. plant with 304 mJ, considerably less than other systems [51]. Observing that transpiration was reduced, it was suggested that vascular bundles were destroyed. Repeating pulses reduced electrical resistance in the plants, suggested cell wall damage increased path conductivity. However, these data were obtained from very small (0.5 g, 50 mm tall, 2 mm stem diameter) plants treated on a bench, then transferred to an agar dish. Although plants were observed to be withered at 3 days post-treatment, they were not followed through to definite death. Larger Rumex japonicus plants 50 cm tall withered after being treated with 30 × 2 J pulses, but again their final death is not recorded [51]. Together these reports indicate pulsed DC shocks might control 5 small weeds m−2 with less than 5 kJ ha−1, and 5 large weeds m−2 with less than 600 kJ ha−1.



Hand-held weeding devices are used for removing low population-density weeds in amenity horticulture and those remaining after broad-acre herbicide treatments. A hand-held electric weeder was reported to successfully control Poa annua L. in golf courses [51,52]. This device applied treatments ranging from 450 J to 1000 J plant−1 which equates to 22.5–50 MJ ha−1 using Coleman’s calculations of 5 plants m−2, or 2–4 plants m−1 of row to reach the target of Nørremark et al. Treatment times ranged from 1–3 s per plant, suggesting 14–40 h ha−1 at 5 plants m−2. While there are many applications for hand-held weeding devices, there does not appear to have been any commercialisation of the technologies described, there is little evidence of further research or development, and associated patents and applications have expired [53,54,55].



Recent results from “low energy electro-physical treatment” of weeds using two systems, one 40 kV DC and one 2.2 kV AC, showed significant reductions in weed biomass, and in some cases plant death, with smaller plants of treated species being more affected by the electric treatments [28]. A range of 40 kV DC treatments applied 560 J of energy by spark or direct contact to leaf or stem of Amaranthus retroflexus L., Portulaca oleracea L., Sorghum halepense L. and Citrullus lanatus Thunb. Only direct leaf contact had significant biomass reduction on A. retroflexus and no treatments achieved 100% kill rate. Direct leaf contact and a stem-spark treatment significantly reduced biomass P.oleracea but no treatments affected S. halapense or C. lanatus. Very small (size not stated) Trifolium pratense plants, 2 weeks after seeding (WAS), were killed by the 2.2 kV AC current applying as little as 9 J but required 180 J to achieve 95% biomass reduction at 4 WAS. These doses required 1 s (9 J), 10 s (90 J) and 20 s (180 J). This implies field treatment times of about 14–280 h ha−1 (~0.6–11.6 days ha−1) at 5 plants m−2. A different approach using days-long duration, low-current DC electricity was used to kill a range of small Tamarix spp., Morus alba L. and Ulmus pumila L. shrubs and trees and Convolvulus arvensis L. vines [30] but has little relevance to field crop weed management.



The focus of our research is efficient weed control and minimum energy requirements achievable by application of precisely applied micro-shocks with precisely controlled direct current (DC) voltage, pulse number, pulse length and period (hereafter PMS) to deliver low energy electric treatments. This would make a simple battery-powered hand-held weeding system or high efficiency strip-weeders possible. In conjunction with the other factors outlined by Nørremark et al. [16] it would be suitable for deployment on low-energy autonomous field robots. It would address issues of herbicide resistance, consumer desire for chemical-free food, and avoid chemical residues in water.



Here, we report results from preliminary greenhouse trials of ultra-low energy weeding using PMS treatments applied to Lolium multiflorum Lam., Chenopodium album L., Amaranthus powellii S. Wats., and Solanum nigrum L. weed seedlings. To kill plants of apparently the same size, our treatments used approximately 1% of the energy of the recently reported low-energy DC electro-physical weed treatment method. Ultra-low energy electric weed control has not been extensively studied but has numerous potential benefits. The objectives of this study were to determine a threshold “dose” of voltage and energy for mortality, and to compare relative responses of different species. Observations, findings, and hypotheses as to the mechanism or mechanisms of plant death will direct further research to refine applications and enable a commercially viable product.




2. Materials and Methods


2.1. Equipment and Materials


Two custom PMS devices (Weda Tech, Hastings, New Zealand) were developed which generated DC pulses of up to 10 kV. The first device developed could deliver a single pulse of either 6 kV or 10 kV, releasing approximately 1.8 J and 5 J, respectively. The second device produced multiple pulses at voltages up to 7 kV, with pulse duration, pulse period, and either number of pulses or total delivered energy able to be programmed (Figure 1). The multi-pulse device was controlled using custom software running on a laptop. Each device included two 10 mm diameter aluminium electrodes; the earth was inserted 50 mm into the soil about 30–40 mm from the plant being treated and the positive electrode was held beside or on the stem of the plant. During the application of multi-pulse PMS, each application was measured with voltage, resistance and current being logged and energy calculated.



To determine the energy absorption split between the plant and the soil, later trials included a PicoScope 2000 (Pico Technology, St Neots, Cambridgeshire, U.K.) series oscilloscope coupled with a Pico TA044 high voltage differential probe connected to the base of the plant and the earth electrode. To achieve stable voltage throughout each application, a 50 ms interval was maintained between pulses. Total treatment times varied between 0.7 ms and 3000 ms across all trials, but active times were less than 6 ms. An electronic voltage calibration check showed strong agreement between the multi-pulse device and picoscope calculated energies (y = 1.0273x − 0.505, R2 = 0.984).



The application and monitoring equipment set voltage, pulse number, duration and period and measured the voltage, pulse number, active time and current (Figure 2).



The Electrical power is calculated from the standard formula:


  P = V × I  








where P is power (watts), V is voltage, and I is current (amps).



Energy transferred is calculated using the formula:


  E = P × t  








where E = energy (joules), P is power, and t is time (seconds).



Resistance is calculated using the standard formula:


  R = V / I  








where R is resistance (ohms), V is voltage, and I is current.



A series of uncontrolled preliminary tests identified doses that gave apparent plant responses around which treatments were designed. We noted that in many cases few if any symptoms were evident for about 6 days, and it could be several weeks before plant death was incontrovertible. Therefore, our experiments followed the progress of treated plants until we had confidence plants had died (fully wilted, chlorotic, roots and shoots naturally separated) or were growing healthily even if delayed relative to controls.




2.2. Plant Material and Growing Method


In all trials the growing medium was Hastings silt loam soil sieved to 5 mm. Plants were grown in 450 mL polythene bags, placed in a greenhouse and hand watered as required. Temperature and humidity were logged and showed no values considered likely to cause any negative effect. Bags were arranged in blocks and randomised within each block.



Certified Lolium multiflorum “Winter Star” seeds were sown six seeds to a bag and 12–14 days after emergence were thinned to three plants per bag, aiming to keep all plants within a similar size profile, typically with two leaves. Chenopodium album L. plants (20–30 mm high) were collected from wasteland, transplanted three per bag, and grown for a further 14 days before treatment. Amaranthus powellii S. Wats. and Solanum nigrum L. seedlings were collected from fallowed cropping areas. Thirty seedlings of each were transplanted one per bag and allowed to establish for 10 and 16 days before treatment.




2.3. Plant Measurements


Prior to treatment, L. multiflorum plants were observed for visual differences and the number of turgid green leaves and tillers, and length of the longest leaf were measured. Following treatment, measurements were repeated, and plant deaths recorded 15 days after treatment (DAT). Severely shrivelled or dead parts of leaf were discounted. For the multi-pulse equipment, at 15 DAT surviving plants were measured, harvested, and their fresh mass determined. Plants from each bag were aggregated, oven dried at 62 °C for 3 days and reweighed. The mean plant dry weight was determined for the surviving plants in each bag.



No relative growth measurements of C. album plants were made. The binary measure of effectiveness at 28 DAT was plant vitality, defined as dead or alive. A. powellii plants were monitored for 11 DAT recording the height to top growing point (±1 mm), stem diameter at 2 cm above ground (±0.01 mm), and a leaf area estimation (±0.01 cm2) using the “Easy Leaf Area Free” smartphone application (ELA Free) [56]. At 11 DAT plant status was assessed and assigned to one of three categories: healthy, collapsed or dead. For the binary logit analyses, all the plants not obviously dead were classified as alive. When S. nigrum plants were treated, in addition to recording machine energy discharge, the energy absorption by soil or plants was measured with the Picoscope by attaching to one machine electrode and the other at the base of the plant. Plants were monitored for 30 DAT recording the stem diameter (±0.01 mm) at 3 cm above ground, and a leaf area estimation (±0.01 cm2) using ELA Free. At 30 DAT plant vitality was assessed.




2.4. Treatments


Experiment 1: Single Pulses



Single pulse treatments at 6 kV and 10 kV were applied to L. multiflorum and C. album plants. The earth electrode was set 50 mm into the soil 30–60 mm from the plant base. The positive electrode was placed <5 mm from a L. multiflorum leaf 60 mm above the soil and <5 mm from the C. album stem 50 mm above the soil. The L. multiflorum experiment had three plants per bag, and the C. album experiment had one plant per bag, with four bags per treatment and the control (Table 1).



Experiment 2: Multiple pulses



Multi-pulse treatments were applied at 3 kV and 6 kV, with the positive electrode held against the plant. For L. multiflorum the tip was set at the top of the basal sheath about 30 mm above the soil. For A. powellii and S. nigrum the tip was 50 mm above the soil. L. multiflorum had three plants in each of four bags per treatment plus the control. A. powellii and S. nigrum had one plant in each of six bags per treatment plus control (Table 2).




2.5. Statistical Analysis


Data were statistically analysed using SPSS Version 28.0.1.0 (142). Where biomass differences are reported, the default for statistical comparisons of groups was the Independent Samples Kruskal–Wallis 1-way ANOVA (k samples) because almost all cases failed the ANOVA homogeneity of variance using Levene’s test. Homogenous subsets were determined from post hoc analyses and the step-wise step-down multiple comparisons. Following the recommendations of Armstrong [57] and Perneger [58], no multiple test (e.g., Bonferroni) corrections were applied. For L. multiflorum, biomass data were analysed with each bag of three grasses representing one replicate (n = 4), a sample size satisfactory for Kruskal–Wallis [59].



The dichotomous result “Dead” or “Not Dead” at the end of each experiment was analysed using binary logistic regression. Key independent factors considered for L. multiflorum modelling included set voltage, set energy, energy applied, soil moisture at treatment, and total leaf length. A. powellii and S. nigrum modelling included set voltage, set energy, energy applied, leaf number, shoot number and stem diameter. Those parameters that did not add to the model were ignored. C. album plants were assessed only for turgor and erectness. For the binary logit analysis of L. multiflorum, each individual plant was coded dead or alive and treated as a replicate (n = 12).





3. Results


Experiment 1: Single pulses



When L. multiflorum plants were treated with single 6 kV and 10 kV pulses (Trial 1), the fine leaves rapidly collapsed. In a few cases there was a smell of hot grass, and in one case steam was noted. All treated leaves were wilted and had turned grey at 1 DAT. The stem below the leaf collar was normal except for four 10 kV treated plants which had wilted to ground level, and eventually, three of these four plants died. No control plants died, showed signs of damage, or of senescence. Out of 12 plants treated with 6 and 10 kV, only two and four plants, respectively, died by the end of the trial (Table 3). Model coefficients (Chi-square, df and Sig. p), model summary (Nagelkerke R Square), percent correct prediction classification (cut value 0.500) and independent variables’ statistical significance Sig. and odds ratio Exp(B) for the trials are presented in Table 3.



When C. album plants were given single spark pulses (Trial 2), they slowly collapsed to lie prostrate within 30 s of treatment. After 24 h, 5 of 24 treated plants had regained turgor. At 28 DAT, those plants that recovered by 1 DAT were alive, and all but 2 of the remaining 19 plants were dead. All control plants survived and continued to grow. The treated plants showed high mortality with 9 of 12 plants treated with 6 kV and 8 of 12 plants treated with 10 kV dead by 28 DAT. Set voltage was a significant predictor of the likelihood of plants being killed by single pulse treatments, although this is confounded because the higher voltages also imparted much higher energy (Table 3).



Single-pulse treatments applied to L. multiflorum did not reliably kill all target plants but compared to controls, the Independent Samples Kruskal–Wallis Test showed that at higher energies the survivors generally had decreased biomass 15 DAT as expressed by longest leaf length, and total green leaf length (Table 4). In each case the significant difference was between the control and the 10 kV treatment.



Experiment 2: Multiple pulses.



The multi-pulse equipment allowed lower energy pulses to apply the same total energy. When multiple pulse treatments were applied to L. multiflorum (Trial 3), all plants immediately but slowly collapsed, lying prostrate across the bags. All the treated plants and none of the control plants exhibited signs of wilting 1 DAT. Four DAT, 48% of treated plants exhibited leaf deformation with a concertina effect in tissue that was just inside the basal sheath when treatments were applied (Figure 3). The effect remained on plants that did not die (Figure 4). In some cases, emerging leaf tips were trapped in adjacent leaves, forming hoops as they elongated.



The differences in total leaf number, tiller number, total leaf length, final dry mass and number of plants per bag that were alive 15 DAT between untreated control and treated plants were significant in all cases (p < 0.001) according to the Independent-Samples Kruskal–Wallis test. Post hoc pairwise comparisons showed three homogenous subsets of treatments for which the number of live plants 15 DAT was not significantly different. The 1 J treatment at 3 kV and the 1 J, 3 J and 5 J treatments at 6 kV were not significantly different to the control or each other. There was no significant difference in number of plants that were alive 15 DAT given 3 J at 3 kV or 7 J at 6 kV, or between those given 5 J or 7 J at 3 kV. Similar results with more separation were found for total plant dry mass at 15 DAT (Table 5).



Total plant dry weight 15 DAT shows the 3 kV treatments were more effective than 6 kV treatments of the same set energy level. No 6 kV treatments were fully effective, with 7 J treatment the best giving 62.5% death rate (Figure 5).



Final assessments were made 15 DAT when plants were either visibly alive and growing, or dead. Among the 3 kV treatments, 75% of plants receiving 3 J and all plants receiving 5 and 7 J died. No control plants died. Binary logit analysis showed a highly significant contribution of voltage, but the odds ratio Exp(B) indicates almost no change in effectiveness with voltage increase (Table 6, 3a). Investigation showed Exp(B) for voltage is confounded with the 0 kV control, because the 6 kV treatment was less effective than 3 kV. Analysis of only the treated plants, showed voltage to be a significant factor, with increasing voltage reducing the probability of death (Table 6, 3b).



When applied to L. multiflorum plants, delivered energy at 3 kV was about 90% of the set energy (r2 = 0.97) but at 6 kV only 71% of set energy was delivered (R2 = 0.93). Thus the 7 J at 6 kV treatment only delivered about 5 J (Figure 6).



All treated A. powellii plants (Trial 4) slowly collapsed after PMS were applied, except one plant treated with 1 J and one treated with 7 J which both remained erect. The 1 J plant had drooped 1 DAT but remained alive throughout. Another 1 J plant that initially drooped had recovered at 4 DAT and was healthy at the end of the trial. This plant absorbed half the energy of the rest of the 1 J treated plants. The erect 7 J plant remained healthy throughout. Electrical data show it received only a quarter of the mean energy of the rest of that treatment (Figure 7).



Throughout the trial all A. powellii control plants remained erect and healthy and continued to grow. At 4 DAT, control plants had grown with height (166%), stem diameter (143%) and leaf area (215%) of size at treatment. Treated plants had decreased in size, with aggregated average results of height (62%), stem diameter (55%) and ELA leaf area (29%) of size at treatment. At 4 DAT, plants that collapsed after treatment showed severe chlorosis and wilting, with chlorosis beginning in interveinal leaf areas towards the tip of the leaf and spreading back over time to the stem to affect all leaves entirely (Figure 8).



At 11 DAT, the treatments were significantly different to the control, but not to each other for stem diameter and ELA leaf area score (Table 7). At 11 DAT some plants in every treated set had died and only two of 24 were healthy. One had received only 25%, and one 48% of the energy of the rest of their treatment group. Even though some dead plants retained sections of green stem tissue, the stems had collapsed, and the hypocotyl region had decayed allowing the above ground parts to separate from roots with less than 10 mm of root attached.



When S. nigrum plants were treated (Trial 5), the picoscope was connected between the plant base and one of the treatment electrodes. Comparing this with machine-recorded energy discharged allowed the relative energy absorption by the soil and the plant to be determined. This showed 63% (y = 0.63x + 0.06, R2 = 0.983) of discharged energy was absorbed by the above ground plant, the remainder by soil and/or roots (Figure 9).



Control plants remained healthy and growing throughout the trial. At 8 DAT, one plant treated with 1 J and all other treated plants showed signs of main stem wilting or collapse, and curling leaves, with the degree of curling related to the energy applied, a trend that continued. At 14 DAT some treated plants remained viable with normally developing side shoots that had turgid stems and leaves. The prevalence was less as the applied energy increased. These plants were alive at the end of the trial, the rest of the treated plants were dead. At 30 DAT, final measurements were made. Treatments at 3 J or more were significantly different to the controls in all factors including final vitality, stem diameter, ELA Score and plant dry mass. Plant deaths increased as the energy applied increased with four times more plants dead when treated with 7 J than with 1 J.




4. Discussion


These experiments demonstrate the potential of PMS as an ultra-low energy treatment method for controlling a range of weed species at the seedling stage. Voltages have been kept below 10 kV, and the energy released by the equipment is low. In general, these would place the equipment used within the criteria acceptable for electric fence energisers [60,61]. The higher voltage treatments and higher individual pulse energy treatments appeared more able to impart sufficient energy to cause immediate plasmolysis of leaf tissue in fine L. multiflorum seedling leaves. This is not correlated with improved plant mortality and may reduce effectiveness. A possible explanation is that the fine leaf acts as an electrical fuse, preventing the current from impacting the rest of the plant.



The leaves of all treated L. multiflorum plants fell over within seconds of PMS application, indicating disruption of cell turgor. Wilting was not generally apparent in the sheath of the plant, but deformities originating in tissues within the sheath at time of treatment were commonly observed after the leaves emerged, the concertina effect suggesting some effect on expanding cells and the entrapped leaf tips suggesting disruption between adjacent developing leaves. While leaf deformation in tissues inside the main sheathed shoot shows PMS affected tissue development, the survival of stems and emergence of new tillers indicated insufficient energy to kill basal growing points.



Even where L. multiflorum plants are not killed, ultra-low energy treatment with PMS does have a limiting effect on growth significantly reducing growth rates for at least 2 weeks. This suggests potential to reduce competition against crop plants and may enable a strongly growing crop to get established and out-compete the grasses. There was wide variation in the growth of individual plants for any energy below 3 J. At 5 J and above all plants treated at 3 kV died, whereas many plants treated at 6 kV continued to grow, although at a reduced rate compared to the control plants. Such growth reduction may be sufficient to allow a rapidly developing crop to gain dominant competitive advantage but would not necessarily avoid weed seed bank contributions.



Several possibilities may have contributed to lower than expected energy delivery or reduced effect of a set energy level being applied. In some cases, electric arcing was observed between the positive electrode and the ground, sometimes running along the stem surface, sometimes directly through the air. This was particularly noted with 10 kV single pulses but occurred with other settings especially if the electrode was within 30 mm of the ground. In these cases, the energy discharge from the devices could be high, but the measured absorption by the plants could be very low. Multiple pulsing allows the energy of an individual pulse to be reduced but total delivered energy to be maintained. However, in these trials, longer pulse times at higher voltages (higher energy individual pulses) could still cause arcing. In the case of high energy and high voltage pulses to fine L. multiflorum leaves, this was probably due to higher resistance and lower conductance, especially when leaves collapsed. When multiple pulses were applied, especially when a longer duration was required, oscilloscope measurements indicated a probable loss of direct contact for some or all the time.



There was a demonstrated effect of UEW on broadleaved weeds even at low energy levels, with treatments significantly reducing vitality and growth relative to untreated control plants. Applying these treatments to C. album and A. powellii seedlings was largely effective, and the survival of those receiving the highest target energy treatment is assumed due to poor electrode contact. Although there was some immediate effect of treatment, the results of these trials consistently show an extended period before symptoms of senescence were expressed.



Early electrical weeding research suggested that resistive heating causes boiling within the tissue, causing the cells to rupture and the plant to die [62] although cells and vascular bundles can be damaged without boiling or burning [63]. The research reported here suggests for broadleaved plants especially that a different mechanism may be involved, as plants took some time to lose turgor and there was initially no external physical damage visible.



Those plants that drooped or collapsed did so slowly. The recovery of some plants after some hours indicates any membrane disruption was transitory and repairable. This suggests the effect was not caused by gross bursting of cells but indicates very porous rather than fully ruptured membranes.



Of particular interest is the evident onset of chlorosis and senescence, and the subsequent separation of shoot and root at the hypocotyl observed in A. powellii. The onset and progression of chlorosis indicates a physiological response was triggered in the treated plants. Plants may show no effect of treatment for several days to a week, and then take several weeks to die, usually expressing plant senescence. Broadleaved plant symptoms such as loss of leaf chlorophyll, browning and wilting of leaf and stems are similar to those associated with some herbicides. Various abiotic stresses have been reported to effect such a response through programmed cell death (PCD) triggered by pollutants, excessive light or UV radiation or environmental conditions including heat and cold [64], leading to over-production of reactive oxygen species (ROS) [65,66,67].



No treatment killed all S. nigrum plants, and death was not immediate, with several weeks passing before a confident assessment could be made. These plants were notable for being very fleshy, and for having multiple shoots at time of treatment. While the treatments of 3 J or higher killed the targeted shoot in 83% of cases, in others side shoots were not killed, or new side shoots appeared. This suggests the impact of the treatment was restricted to a section of stem and did not effectively impact the entire plant. There were significant reductions in growth associated with treatments of 3 J or over, which could potentially reduce their competitive ability against a developing crop, although this has not been assessed.



These trials demonstrate that very low energy, high voltage pulses of direct current can kill weed seedlings with far less energy than alternative weed control options, including currently available electrical weeding systems. While these trials were conducted in a laboratory setting, with precise field application the results should be replicable. This makes the system ideal for the treatment of herbicide resistant weeds that have escaped chemical or other control methods. The small energy requirement makes the system suitable for incorporation in a mobile hand-held weeding tool, or individually or in groups in a precision robotic application.



Future research will repeat these trials with other species and investigate effects of changing variables such as voltage, pulse period, pulse energy and number, plant part or parts targeted, soil conditions and time of year. Trials will be designed to develop better understanding of the mechanism of senescence and death.
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Figure 1. Photograph showing multi-pulse DC treatment equipment including picoscope to monitor voltage and current discharge. 
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Figure 2. Example of Weda Tech Zapper control screen shows controllable micro-shock parameters, oscilloscope trace, and measured and calculated electrical values. 
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Figure 3. Close-up of “concertina” leaf deformation 4 DAT on Lolium multiflorum plants treated with 5 J at 6 kV. 
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Figure 4. Lolium multiflorum plants treated with 5 J at 6 kV shows characteristic leaf deformation still present 28 DAT. 
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Figure 5. Clustered boxplot of total plant dry weight per bag of Lolium multiflorum 15 days after treatment by applied voltage and target energy. 
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Figure 6. Scatterplot of equipment set energy versus actual discharged energy by voltage applied to Lolium multiflorum. 
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Figure 7. Box plot of total discharged energy by target discharged energy show higher variance among the 7 J treated Amaranthus powellii plants. 
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Figure 8. Amaranthus powellii leaf showing typical chlorosis following PMS treatment. 
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Figure 9. Scatterplot of energy absorbed by above ground plant tissue when Solanum nigrum seedlings were treated with pulsed micro-shocks at 3.5 kV. 
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Table 1. Trial summary table showing trial number, weed species, plant size, single electric pulse treatments applied and number of replicates.
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	Trial
	Species
	Size
	Treatments
	Reps
	Notes





	1
	L. multiflorum
	1 tiller, 2 leaves, long leaf 109 mm
	Single pulse:

6 kV (1.8 J),

10 kV (5.0 J)
	4
	Single pulses to single leaves 60 mm above soil



	2
	C. album
	50–70 mm high
	Single pulse:

6 kV (1.8 J),

10 kV (5.0 J)
	4
	Single pulses, treatment electrode < 5 mm from stem, 50 mm above soil
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Table 2. Trial summary table showing trial number, weed species, plant size, multiple electric pulse treatments applied and number of replicates.
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	Trial
	Species
	Size
	Treatments
	Reps
	Notes





	3
	L. multiflorum
	Most 1 tiller, 2 leaves, long leaf 149 mm
	16 treatments: combinations of 3 and 6 kV, 2 pulse lengths, target energy levels 1, 3, 5 & 7 J
	4
	Multiple pulses at top of basal sheath about 30 mm above the soil; 3 kV pulse length 4 × 6 kV pulse length for equivalent energy/pulse



	4
	A. powellii
	50–70 mm high
	3 kV, target energy levels 1, 3, 5 and 7 J
	6
	Multiple pulses, treatment electrode set against stem 30 mm above soil



	5
	S. nigrum
	110 mm tall, stem 4 mm diameter
	3 kV, target energy levels 1, 3, 5 and 7 J
	6
	Multiple pulses, treatment electrode set against stem 30 mm above soil
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Table 3. Statistical summary table of binary logistic regression analyses of factors significantly predicting the probability of Lolium multiflorum and Chenopodium album weeds dying after receiving single pulse electric treatments.
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	Trial
	Species (Dose Type)
	Chi-Square
	df
	Sig. p
	Nagel Kerke R Square
	Correct Case Classifn
	Predictive Variable
	Sig.
	Exp(B)





	1
	L. multiflorum (single pulse)
	12.258
	3
	0.007
	0.486
	86.1
	Set Voltage
	0.039
	1.561



	
	
	
	
	
	
	
	Total Leaf Length
	0.051
	0.608



	2
	C. album (single pulse)
	10.312
	1
	0.001
	0.338
	69.4
	Set Voltage
	0.011
	1.000
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Table 4. Statistical Summary of Independent Samples Kruskal–Wallis Test for a range of biometric variables measured on Lolium multiflorum plants 15 DAT.
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	Trial
	Species (Dose Type)
	Independent Variable
	Dependent Variable
	Tot n
	Kruskal–Wallis Ha
	df
	Asymptotic Sig.





	1
	L. multiflorum
	Voltage
	Leaf Number
	12
	5.115
	2
	0.077



	
	(single pulse)
	
	Tiller Number
	12
	3.520
	2
	0.172



	
	
	
	Longest Leaf Length
	12
	7.284
	2
	0.026



	
	
	
	Total Green Leaf Length
	12
	8.000
	2
	0.018



	
	
	
	Number of Alive Plants
	12
	4.015
	2
	0.134







The test statistic is adjusted for ties.
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Table 5. Summary of treatments by applied voltage and energy on plant dry mass and number of live plants 15 DAT. Groups with the same letter in a column are homogenous subsets at p = 0.05 according to Kruskal–Wallis post hoc tests of pairwise comparisons.
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	Treatment
	Plant Dry Mass per Bag (g)
	Number of Live Plants per Bag





	0-0
	0.607a
	3.00a



	3000-1
	0.460ab
	3.00a



	3000-3
	0.074c
	0.75b



	3000-5
	0.000d
	0.00c



	3000-7
	0.000d
	0.00c



	6000-1
	0.494a
	3.00a



	6000-3
	0.319b
	2.50a



	6000-5
	0.300b
	2.88a



	6000-7
	0.104c
	1.25b
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Table 6. Statistical summary table of binary logistic regression analyses of factors significantly predicting the probability of weeds dying after receiving multiple pulse electric treatments.
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	Trial
	Species (Dose Type)
	Chi-Square
	df
	Sig. p
	Nagel Kerke Rsquare
	Correct Case Classifn
	Predictive Variable
	Sig.
	Exp(B)





	3a
	L. multiflorum (multi-pulse)
	159.43
	3
	<0.001
	0.730
	90.7
	Applied Voltage
	<0.001
	0.999



	
	
	
	
	
	
	
	Target Energy
	<0.001
	4.348



	
	
	
	
	
	
	
	Leaf Number × Longest Leaf Length
	0.028
	0.897



	3b
	L. multiflorum (multi-pulse) Treated Only
	147.25
	2
	<0.001
	0.717
	89.1
	Applied Voltage
	<0.001
	0.199



	4
	A. powellii (multi-pulse)
	9.180
	2
	0.010
	0.354
	80.0
	Target Energy
	0.034
	1.477



	
	
	
	
	
	
	
	Stem Diameter
	0.092
	0.133



	5
	S. nigrum (multi-pulse)
	8.565
	2
	0.014
	0.345
	70.0
	Target Energy
	0.017
	1.596
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Table 7. Statistical Summary of Independent Samples Kruskal–Wallis Test for a range of biometric factors of A. powellii and S. nigrum plants 15 days after receiving multiple pulse electric treatments.
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	Trial
	Species (Dose Type)
	Independent Variable
	Dependent Variable
	Total n
	Kruskal–Wallis H
	df
	Asymptotic Sig.





	4
	A. powellii
	Set Total Energy
	Stem Diameter 11DAT
	6
	23.517
	4
	<0.001



	
	(multi-pulse)
	
	ELA Score 11 DAT
	6
	21.477
	4
	<0.001



	5
	S. nigrum
	Set Total Energy
	Stem Diameter 30 DAT
	6
	16.163
	4
	0.003



	
	(multi-pulse)
	
	ELA Score 30 DAT
	6
	15.166
	4
	0.004



	
	
	
	Fresh Mass 30 DAT
	6
	17.250
	4
	0.002



	
	
	
	Dry Mass 30 DAT
	6
	11.677
	4
	0.020
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