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Abstract

:

Controlling non-native plant invasions that reduce the quality of preferred wetland habitats is a challenge for many wetland managers. Herbicides may be used to control invasions, but it may be difficult to find effective application methods depending on the terrain. Manned aircraft cover large patches, but aerial use is limited by high costs, weather conditions, and overspray concerns. Ground applications target smaller patches, but their effectiveness may be limited by accessibility, labor costs, and applicator health concerns. Considering these difficulties, unmanned aerial systems (UAS) have emerged as a viable alternative for more effectively treating plant invasions. We tested the use of a specialized UAS to control invasive perennial pepperweed (Lepidium latifolium) in Suisun Marsh in northern California, USA. This “spray drone” flew at an altitude of 2–3 m, a speed of 24 kmph, and applied herbicide with a swath width of 6 m. We applied herbicide with the spray drone to treat small patches before they expanded. To delineate invasive patch boundaries, we first flew a survey drone with a 4K resolution camera to detect emerging plants with color imagery and conduct an initial classification analysis. We subsequently visited areas with suspected invasive patches based on the classification, and observers manually confirmed the presence of the invasive species. We then flew the spray drone on transects to treat the patches and examined the results with post-treatment survey drone imagery and plots along ground transects. In total, we sprayed 14 ha of Lepidium across eight sites and found that 87% of the Lepidium was discernibly affected by our herbicide treatment. Furthermore, we measured the overspray, which was substantially less than that reported for other aerial application methods such as helicopter-spraying, and our estimated operational costs were lower. Our results indicated that applying remote-sensing imagery for the identification of invasive species patches and the use of a spray drone for treatment may be an effective means of controlling invasive plants with high precision at a reasonable cost. In the near future, a unified UAS system that both identifies invasive species and then treats them in a single pass should be a promising goal for early detection and rapid response in wetland management.
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1. Introduction


Non-native, invasive plant species are among the foremost concerns for ecosystem managers and conservationists globally [1,2,3,4,5]. These species can inflict substantial ecological damage on the natural environment, contributing to dramatic alterations in community structure, plant diversity, and ecosystem processes [2,6]. Coastal wetlands are particularly vulnerable to degradation by invasive species: 50–87% of historic wetlands globally have been lost due to anthropogenic activities [7,8], yet wetlands continue to harbor a quarter of the world’s “worst invasive plant species” [9]. As ecosystems worldwide continue to become more vulnerable due to climate change and human activity, managing invasive plant species to reduce their negative impacts on biodiversity and ecosystem health will become even more imperative.



The San Francisco Estuary in northern California is one of the largest estuaries in the United States. The San Francisco Estuary is home to a wide diversity of animal species, including the federally and state-endangered salt marsh harvest mouse (Reithrodontomys raviventris), and supports thousands of migrating waterfowl along the Pacific Flyway each year [10]. These species rely on a healthy and stable marsh ecosystem, and a variety of native plants, for habitat, food, and tidal shelter [8,10,11,12]. Invasive species such as the common reed (Phragmites australis) and perennial pepperweed (Lepidium latifolium; hereafter Lepidium) can cause significant damage to the natural vegetation, placing the health of the entire estuary at risk [13,14].



Lepidium is highly detrimental to the managed wetlands of the San Francisco Estuary. Lepidium is a broad-leaved forb originally found in Eurasia and was likely introduced to California in the 1930s via the sugar beet trade [15]. Since that time, the species has expanded throughout the greater San Francisco Estuary and is now considered to be highly invasive in the region [15]. Lepidium reproduces through rapid seed production, creeping root systems, and detached root fragments [15]. Its ability to effectively spread through wetland ecosystems results in the formation of dense monocultures and the replacement of dominant native species [15]. Lepidium threatens the habitats of many resident and migratory species by displacing native plants in marsh systems and forming monocultures [13], altering biogeochemical cycles to change marsh soil characteristics [15], and degrading habitats through increased erosion and salinity [14]. It may reduce the concentration of key nutrients [14,16], decrease carbon storage [14], alter invertebrate community structure (used as a food resource by many species; [14,15]), and change habitat structure to the detriment of native marsh fauna [15]. For example, some ground-nesting songbirds such as song sparrows (Melospiza melodia) are less likely to be successful and more likely to be depredated in habitats invaded by Lepidium [17]. Effectively eradicating Lepidium and reducing its spread has, therefore, become a priority for ecosystem managers in wetlands throughout the state, including coastal wetlands.



Previous efforts to control the growth of invasive plants in the San Francisco Estuary have included a variety of management techniques. Revegetation, controlled burning, and ground-spraying have all been extensively applied to control plant invasions in managed wetlands [18,19,20,21]. While these past efforts have yielded varying degrees of success, invasive species continue to persist [18,19]. In addition, certain plant-invasion-control methods are burdened by high costs and unintended herbicide exposure due to herbicide drift or overspray [22,23,24]. Overspray in particular has been a prevailing issue for restoration managers: studies have shown that herbicides can cause significant—even lethal—damage to plants and wildlife outside the intended application site [22,25].



Unmanned aerial systems (UAS) or drones have recently been adopted for natural resource management activities such as mapping, habitat surveying, and monitoring [26,27,28,29,30,31,32]. Novel applications include the development of spray drones that have been used primarily in agricultural systems to control vector species [33,34], eradicate crop pest infestations [35,36], and manage weeds [37,38,39,40,41,42]. Spray drones can access hard-to-reach areas and make precise applications, protecting both applicator and habitat. Other chemical application methods, such as helicopter-spraying, apply herbicide in very large swaths, which can lead to overspray and unintended plant mortality [43]. Spray drones may reduce herbicide drift or overspray, containing chemicals strictly to the area of interest, because they fly very close to the ground and have localized downdrafts generated by their rotors. Applying herbicides by hand can be time-consuming, requires extensive manpower, and limits the area that can be covered [44]. However, little scientific research is available on the efficacy of spray drones for managing invasive plants in natural ecosystems, especially in tidal wetlands.



In this case study, we examined the effectiveness of a spray drone for managing perennial pepperweed in the Suisun Marsh in the northern reach of the San Francisco Estuary, CA, USA. We first used a survey drone fitted with a 4 K camera to detect emerging plants with color imagery analysis and assisted classification in mapping general areas of invasive patches. We then used on-the-ground observers and a spray drone to apply a selective broadleaf herbicide along predetermined transects of Lepidium. We ran spray card tests to determine the potential overspray produced by the spray drone, and we sampled ground transects to assess the overall effectiveness of our spray drone treatments. Finally, we discussed the potential of using a spray drone to detect and treat invasive species in a single pass, and how spray drones may be one of the best future options to implement the early detection and rapid response control of non-native plant invasions.




2. Materials and Methods


2.1. Study Area


Suisun Marsh (38.1366, −121.9577) is widely considered to be the largest brackish-water marsh in the western United States [10] and contains 10% of the coastal wetlands remaining in California [8]. Unlike other marshes in the region, Suisun Marsh possesses both extensive tidal and managed wetlands. Suisun Marsh is home to a wide diversity of native species, including an estimated 200+ plant species, 180+ bird species, and 45 mammal species [10]. These include the endangered salt marsh harvest mouse, California Ridgway’s rail (Rallus obsoletus obsoletus), and the endemic Suisun song sparrow (Melospiza melodia maxillaris) subspecies.



Treating Lepidium plant invasions in the Suisun Marsh has been a priority for scientists and landowners for many years. The Suisun Resource Conservation District (SRCD), a public agency tasked with supporting Suisun Marsh wetland managers, established a Lepidium program in 2005 to assist landowners in eradicating the invasive species on their properties. Between 2005 and 2018, hundreds of thousands of dollars have been spent to treat thousands of hectares of the Lepidium in Suisun Marsh with herbicide, primarily via ground- and helicopter-spraying (Authors’ unpubl. data). Only recently, with advances in technology, spray drones have been considered viable alternatives for the application of herbicide.




2.2. Phenology of Lepidium latifolium


Effectively managing Lepidium requires careful consideration of the lifecycle and phenology of the species [45,46,47]. Previous research has shown that treating Lepidium early in its annual life cycle, such as during the flowering stage, is necessary for successful eradication [42,48]. Early-season mowing, combined with subsequent chemical treatments, has also been shown to be effective [49]. Similarly, remote sensing approaches to classifying Lepidium depend upon the identification of its distinct white flowers, which bloom in the mid-summer [50,51]. In the wet and dry season of the Mediterranean climate of Suisun Marsh, this bloom typically occurs in April or May. Therefore, the ability to detect emerging Lepidium and rapidly respond to invasion must be conducted early in the dry season to effectively manage the species [52,53].




2.3. Invasive Species Detection


During the month of April 2020, we conducted remotely piloted survey drone imaging flights over eight wetland areas in the Suisun Marsh to detect Lepidium plants. The survey drone used was a DJI Phantom 3 Professional (DJI, Inc., Shenzhen, China) weighing 1280 g and equipped with a 1/2.3” CMOS Camera with 12.76 M pixels (4000 × 3000 single JPEG image pixel size) that collected true color (RGB) images. The camera lens was a FOV 94° 20 mm (35 mm format equivalent). The DJI gimbal had a 3-axis (pitch, roll, yaw) stabilization and Angular Control Accuracy of ±0.02°.



All flights were made at an altitude of 84 m, which produced ground images of approximately 5 × 5 cm pixel resolution. The survey drone had a maximum range of 0.5 km (0.3 miles) due to the controller-to-drone WiFi connection limit, and a survey drone with a charged battery operated for 15 min that covered approximately 12–15 ha. Gridded flight lines were generated with the Pix4Dmapper 4.5 application (Pix4D SA, Prilly, Switzerland) on an iPhone 12 (Apple, Inc., Cupertino, CA, USA) connected to a DJI controller unit. Geotagged photos of all Lepidium plants observed along roads and ditches were collected during the site visits on each drone flight day for use as control points to determine typical Lepidium plant coloration attributes in the pre-flowering stage.



All images captured during these drone flights were uploaded and processed with Pix4Dmapper. Automatic point cloud densification was used to produce a dense, 3D-point cloud and a true color orthophoto mosaic of all the images from a setting with 80% overlap. The point cloud was used as a basis for the generation of a digital surface model (DSM) and 3D mesh from each flight. This software automatically compensated for variations in brightness, luminosity, and color-balancing among images. Radiometric processing and calibration were applied to correct the image reflectance bands, taking illumination and sun angle into consideration.



Following the methods recommended by Andrew and Ustin’s [51,54] microtopography study for the most accurate detection of Lepidium plant coloration from aerial imaging, the difference index between the green and red reflectance bands (GRVI) of every flight image was next computed as GRVI = (G − R)/(G + R). The control point locations collected on flight days to match plant coloration for Lepidium were used to define the most probable range of GRVI values for this plant species within a range from −0.02 to −0.1. Classifications were trained using ground photos of Lepidium and generated in the ENVI® image processing and analysis software (Exelis Visual Information Solutions, Boulder, CO, USA).



To improve the accuracy of the classification and make microtopography adjustments, elevation from a 1 m resolution digital elevation map (DEM) of Suisun Marsh [55] was used to include any matching GRVI coloration pixels for the presence of Lepidium plants. Lepidium tends to grow on elevated areas, such as upland areas and levees; therefore, the absolute elevation threshold was initially set to >1 vertical meter for Lepidium patch inclusion (Figure 1). We then refined a customized relative elevation range for each marshland property for the probable presence of Lepidium patches based on rapid field surveys on the day following each drone flight.



Sites were selected based on our classification if they had a high concentration of Lepidium; in total, we chose eight wetland areas as host treatment sites (Figure 2). Those eight wetland areas were: Lower Joice Island (445 ha), Miramonte Gun Club (126 ha), Morrow Island (279 ha), Mallard Haven (41 ha), Grizzly Duck Club (74 ha), Gum Tree Farms (194 ha), Westwind Duck Club (216 ha), and Honker Farms (54 ha).




2.4. Herbicide Application


We used a PrecisionVision35© drone (Leading Edge Aerial Technologies Inc., Daytona Beach, FL, USA) to apply herbicide. The spray drone was designed to be adjustable, and users can set the swath width to apply herbicides between 3 and 20 m, treating from 0.2 to 0.8 ha/min (~14–17 ha/h) with a maximum tank capacity of 16.3 L [56]. The drone was powered by two batteries that can last ~14 min before being rotated with fully charged batteries.



We used a 76 L mix tank to supply the drone with herbicide to treat the Lepidium patches (~5 loads). To create our 76 L of herbicide mix, we first added 57 L of water, before turning on a circulation pump. Once the water was circulating, we added 300 mL of Telar® XP granules, 1.9 L of the surfactant Spreader 90®. and the remaining 17 L of water. We finished the mix by adding 0.6 L of dye. If the color of the mixture was not dark enough to be easily observed on the foliage, additional dye was added in 300 mL increments until the desired color was reached.



We conducted treatment of Lepidium in spring of 2020. All eight of our study sites were managed seasonal environments where water levels are controlled; in the spring and summer months, these areas are drained to support plant growth and habitat management. We treated Lepidium with a selective broad-leaf herbicide (Bayer Telar® XP), which is recommended for treating the surfaces of marshes, swamps, and bogs after the water has receded at a rate of 17–22 mL/ha [57]. Telar® XP is limited to use in wind speeds between 5 and 16 kmph and is applied to droplet sizes varying from coarse to very coarse. The active ingredient in Telar® XP is chlorsulfuron (75%), which is taken up by both the roots and foliage of plants [57]. The half-life of this chemical in the environment is 45 days and is not shown to have insecticidal properties [57]. While Telar® XP is toxic to fish and algae, it is not applied to aquatic environments in this study, as described in these methods. We applied Telar® XP over a 2-week period at or just prior to Lepidium flowering to maximize its effect [47]. In each of the eight wetland areas, transects were mapped with Precision Vision software (version 1.16.2) to obtain the most efficient coverage. The transects were sprayed with herbicide by the PrecisionVision35 carrying 11.3 L of chemical, surfactant, and dye was applied at a volume density of 47 L/ha (Video S1: Spray drone applying herbicide to control an invasive plant in a managed wetland). The drone flew at an altitude of 2–3 m and a speed of 24 kmph, and herbicide was applied with a swath width of 6 m (Figure 3). The drone was certified for the airspace authorization through a Certificate of Airworthiness (COA #2021-WSA-8451). Operators (TJE, WHR) were licensed to fly the drone by the Federal Aviation Administration (FAA) under Part 107 of the Aviation Code and by the California Department of Pesticide Regulations (DPR) as drone pilots.



The spray pattern was tested with spray cards and the DropVision AG software (Leading Edge Aerial Technologies Inc., Daytona Beach, FL, USA). We used 13 cards set at 1 m intervals from the centerline of the spray drone flight path (6 m in each direction from the centerline). During each spraying, we collected the number of droplets, the Volume Median Diameter (VMD), droplet density (cm2), and volume density (liter/hectare) on each spray card. VMD describes the droplet size at which 50% of the spray volume is larger, in droplets, than the VMD, and 50% are smaller [58]. This process was repeated five additional times, and the six repetitions were averaged to produce one number for each 1 m distance. For this test, the spray drone was flown at an altitude of 3 m in low-wind conditions (~5 kmph). After graphing the measurements, we calculated the area-under-the-curve of volume density to determine the percent of herbicide distributed within the core swath of the drone (4 m to either side of the center).




2.5. Treatment Efficacy


Within 3–4 weeks of treatment, to ensure that chemical effects could be observed, we randomly selected accessible treatment transects in each area to measure chemical treatment efficacy. Field biologists used a survey tape and 1 m2 quadrats to assess results. A 25 m survey tape was laid out along survey lines within a selected treatment transect along the direction of travel. The quadrat was laid down every 2.5 m to obtain a uniform distribution of samples in the treatment area. For each of the eight treatment areas, we sampled from a minimum of 30 quadrats to a maximum of 100, sampling 10 quadrats along each of 3–10 survey lines. Field biologists noted: (1) if the area appeared to be sprayed; (2) if there was evidence of the effect of herbicide (senescence or browning); (3) the percent of each quadrat covered by Lepidium; (4) the percent of the Lepidium within the quadrat that was affected. The data were recorded on field data forms, entered into Excel, and analyzed for treatment effectiveness (Figure 4). We considered the percentage of Lepidium affected by the total amount of Lepidium within each quadrat to be our metric for treatment effectiveness. To supplement our efficacy measurements on the ground, we also visually examined the pre- and post-treatment images taken by our survey drone.





3. Results


3.1. Mapping Extent Analysis


We classified a total of 4.98 ha of Lepidium across our eight study sites (Table 1, Figure 5). The Westwind site yielded the largest area of Lepidium (2.99 ha), and the Westwind/Gum Tree site yielded the smallest (0.09 ha; Table 1).




3.2. Area Treated


Across the eight treatment sites, patches within a total of 14.1 ha were sprayed using the spray drone (Table 1; Figure 1). Morrow Island received the most treatment along the Morrow Island Distribution System run by the California Department of Water Resources (Figure 5: 3.4 ha), while Gum Tree Farms received the least (0.8 ha). On average, 1.8 ha of Lepidium was treated with herbicide at each site.




3.3. Spray Drone Efficacy Analysis


Across all eight sites, 589 1 m quadrats were sampled in the field. Of those 589 quadrats 12 (2%) were found to have no Lepidium present and therefore removed from efficacy calculations, leaving 577 quadrats in the analysis (Table 2). Ninety-seven percent (562) of the quadrats contained Lepidium that displayed effects (browning, senescence) from the herbicide treatment. Overall, the 577 quadrats with Lepidium had a mean of 38% of the quadrat covered by the plant (219 m2; Table 2).



Our spray drone treatment was most effective on the Westwind/Gum Tree site (99% efficacy; Table 2), and least effective on Mallard Haven (29%). Overall, our spray drone was 87% effective at treating Lepidium within our quadrats (Table 2).




3.4. Assessment of Drift


The number of droplets was the highest within 2 m of the spray drone’s flight path (Figure 6). Volume density was the highest 1 m and 2 m from the spray drone’s flight path and lowest at the spray card farthest from the centerline (6 m; 1.84 drops/cm2). We estimated that 75% of the herbicide fell within 4 m, and 90% within 5 m, of either side of the centerline (Figure 6).





4. Discussion


Our spray drone was very effective in treating invasive patches of Lepidium (Figure 6). On average, 87% of Lepidium treated with herbicide by our spray drone displayed browning, senescence, or other clear effects, with some sites yielding an efficacy of close to 100%. Relative to other treatment options, such as helicopter-spraying, ground application, or application from an all-terrain vehicle or tractor, these results are comparable or better [59,60,61]. Helicopter-spraying has been shown to contribute to the mortality of 70% of targeted Tamarix spp. in Colorado [60], while research in an Australian saltmarsh reduced Spartina anglica densities by almost 100% six months after treatment [61]. Smaller-scale applications, such as backpack- or tractor-spraying, have reduced the densities of other targeted invasive plant species by 75–85% [59,62].



The efficacy of our treatment was over 80% at all sites except one—Mallard Haven—which yielded only 29% effectiveness for Lepidium. It is unclear why this site had a lower efficacy rate than all other sites; while higher winds have been shown to decrease herbicide effectiveness [63], wind levels the day of treatment on Mallard Haven were similar to those on Miramonte Gun Club and Grizzly/Gum Tree (Table 1). Only 18% of the quadrats on this site were covered with Lepidium; it is possible that the sparse distribution of the plants reduced the effectiveness. The large droplet size produced by the spray drone, while reducing drift potential, may also lead to a lower herbicide retention on wet leaves [64]. In addition, wet vegetation may result in lower efficacy, but there is no indication that the environmental conditions were different and that the vegetation was wetter at Mallard Haven.



The risk of overspray or herbicide drift is a primary concern for ecosystem managers when treating plant invasions. Unintended exposure to herbicides or similar chemicals has been shown to have detrimental effects on both surrounding plants and wildlife [22,65]. Marrs et al. [65] suggested that plants within 2–6 m of the spray zone could be lethally affected by herbicide treatment, and that a buffer of 5–10 m was necessary for ground-sprayers to protect non-target vegetation. Drift has been shown to have negative effects on arthropod communities [65], as well as potentially detrimental effects to aquatic and terrestrial wildlife [24]. Given that Lepidium forms dense monocultures [13], containing herbicide to the plants of interest will be crucial to maximizing its effectiveness.



Our spray card tests showed that the number of droplets, droplet density, and estimated volume density was substantially lower as little as 6 m from the center of the drone’s flight path. Less than a quarter of droplet deposition was applied outside of 4 m and 10% outside of 5 m from the centerline of the drone’s flight path, showing that the majority of the chemical was contained to the core swath. Herbicide that is sprayed with a coarse droplet size (>300 VMD) has been shown to substantially reduce herbicide drift [66,67]. The American Society of Agricultural and Biological Engineers (ASABE) classified ultra-coarse droplets (>665 VMD) as having a low drift potential [64], and our spray drone consistently yielded large droplets (>1000 VMD) even at the edges of its swath, indicating that the potential for herbicide drift was reduced. In comparison, other forms of aerial application, such as helicopter-spraying, may require a 30–50 m buffer to reduce drift effects [68], while spray drones administering herbicide with small droplet sizes (<160 VMD) may require a minimum 10 m buffer [67].



Because of the much lower 2–3 m flight altitude, small rotor-wash, and large droplet sizes, herbicide administered by our spray drone may be less susceptible to drift on windier days and provide more forgiveness in unpredictable weather [40,69,70]. For example, maximum wind speeds above 16 kmph (the maximum recommended wind speed for which Telar® XP should be applied) occurred on an average of 14 days (±3; 17%) in Suisun Marsh from March through May 2017–2019 [71]. Ground effects may reduce windspeeds near the wetland surface (2–3 m AGL (above ground level)) allowing for spray drone treatment flights to be implemented when upper atmospheric wind conditions preclude the use of manned aircraft flying at higher elevations AGL. An herbicide application that can work more efficiently with minimal risk of drift is an important advantage in windy ecosystems. Furthermore, because the spray drone can be loaded with pre-programmed flight transects that overfly defined patches, the risk of human error during manual flights is minimized, and only specific areas of interest can be treated, since the nozzles may be programmed to turn on and off. However, there currently are no specific label directions for herbicides that explicitly consider spray-drone applications.



Conversely, the presence of drones has been shown to have behavior effects on some wildlife [72,73,74,75,76,77,78]. Drones may have a particularly noticeable effect on birds [73,76]. In Australia, researchers observed some aggressive behavior from solitary breeding birds towards drones, including a raptor that attacked a fixed-wing drone [74]. Similarly, Bech-Hansen et al. [76] showed that geese were increasingly disturbed and flushed by drones approaching within 300 m. Terrestrial mammals may be less affected than birds but have nonetheless been shown to exhibit increased stress in the presence of a drone [73,78,79,80]. We did not observe any negative effects of our drones on the surrounding wildlife, including large birds, during this study, and the birds we observed during treatment flights seemed to ignore the spray drone, perhaps because our flights were conducted at a low altitude over a short timespan. However, the potential for adverse interactions depends on the specific ecosystem and species in question [73,77]. Future spray-drone treatments should continue to document and minimize the potential for adverse impacts on local fauna.



In addition to effectively treating invasive plants, our spray drone may provide a more cost-effective option compared to other herbicide applicators. As with all herbicide applicators (backpack, tractor, helicopter, etc.), invasive plant management with a spray drone requires investing in up-front expenses. These include covering the cost of acquiring the unit, batteries, drone software license, smartphone or tablet with an aerial application, appropriate herbicide, and chemical mixing supplies. However, once the initial investment is made, operational costs to treat patches of invasive plants may be lower with the spray drone. In Suisun Marsh, the hand application of herbicide with a team of backpack sprayers commercially costs USD 456.95/ha (author’s unpublished data). Tractor spraying in Suisun Marsh has been estimated to cost USD 97.50/ha (D. May, pers. comm.), while the helicopter-spraying provided by (AgAir, Inc., pers. comm.) costs up to USD 140.45/ha sprayed. During this study, we only incurred the operational costs of trained technicians to pilot the spray drone, mix the chemical, and manage the logistics of its operation. Assuming a conservative 1 ha/h rate of spray application, operational costs are primarily related to the technician time, here estimated at USD 36.79/ha (author’s unpubl. data).



The commercial rate for spray drone application with the equipment and pilot provided is estimated at USD 125–150/ha (Leading Edge Aerial Technologies, Inc.) with added travel costs, but it is a substantially cheaper option than contracting backpack-spraying and comparable to contracting a conventional helicopter applicator. While wide variations in terrain, weather conditions, and labor costs makes it difficult to accurately compare commercial treatment methods, the spray drone is likely a viable intermediate-cost option for those interested in spraying smaller patches (5–15 ha per day) of invasive plants in a short amount of time. The ability to control smaller patches of invasive plants, as can be achieved with a spray drone, is a core principle of early-detection rapid-response (EDRR) invasive vegetation management [53]. In addition, the initial expenses of acquiring a spray drone should further decrease with the wider adoption of the treatment method.



We encountered challenges in classifying and mapping Lepidium with imagery from the survey drone, primarily because the plant needed to be detected early in its annual growth period to treat it before it senesced. Previous work has identified defining spectral characteristics of Lepidium [54]; however, these characteristics vary greatly depending on the time of year and life stage of the plant. Lepidium has bright white flowers that bloom in the dry season and are a valuable visual identifier of the species [50,54]. However, if the flowers are not present or similarly colored plants are present (such as wild radish, Raphanus savitus), identifying Lepidium may prove more difficult using color imagery. Our original classification yielded a map of potential Lepidium that included vast swaths of the marsh and greatly overestimated the species’ extent. After including elevation into our classification [54], we were able to substantially reduce the distribution and produce a more accurate identification map. The distribution of other wetland-invasive plant species has been more extensively modeled; for example, Phragmites australis in the Suisun Marsh was classified using publicly available aerial imagery with over 90% accuracy [81].



Spray drones or UAS have been employed extensively to apply herbicide in agricultural systems for years, especially in Asia [37,42]. Additionally, spray drones have been used to manage mosquito and crop pest infestations in these systems with success [33,34,35,36]. However, spray drones have yet to emerge as a widespread option for invasive plant management in the restoration and ecological fields. Our results suggest that spray drones will be effective in combating invasive Lepidium in tidal wetlands, but more research is needed to identify their value for other species and ecosystems. Similarly, programming a spray drone to identify invasive plants and apply herbicide in a single flight is a goal to drastically reduce the cost of treatment and duration of flight time [82,83]



While our study employed a survey drone and a spray drone in separate missions, merging the functions of the two in the spray drone with a similar camera system to the survey drone could greatly improve efficiency. Managers could rapidly identify and administer herbicide to a selected invasive species during a single flight while reducing human error and risk of wildlife disturbance. This efficiency will be especially valuable in targeting small, emergent patches of invasive vegetation to support early detection and rapid response [52,53]. However, implementation of the spray drone will require consideration of, and commitment to, long-term, adaptive management. While much of the invasive species management is successful in the short-term, long-term success is often more elusive and requires continuous monitoring [44,61,84]. Given that economics are often a primary consideration when determining how to best manage plant invasions, finding a means of making spray-drone treatments more cost-effective should be a priority to support long-term management. There are several vendors in North America that currently use commercially available spray drones, such as DJI Agriculture (Shenzhen, Guangdong, China) and Empire Drone (Syracuse, NY, USA), in agriculture and vector control. As the industry continues to innovate, precision spray drones should become even more accessible and useful for a wide range of applications in natural resource management.
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Figure 1. Classification of Lepidium latifolium on the Honker Farms study site before (orange) and after (red) correcting for elevation. The black line outlines the boundary of Honker Farms. The correction produced a more accurate classification of the invasive species and greatly reduced the projected area. 






Figure 1. Classification of Lepidium latifolium on the Honker Farms study site before (orange) and after (red) correcting for elevation. The black line outlines the boundary of Honker Farms. The correction produced a more accurate classification of the invasive species and greatly reduced the projected area.
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Figure 2. Map of the 8 wetland areas in Suisun Marsh, San Francisco Estuary, CA, USA (Mallard Haven, Morrow Island, Lower Joice Island, Miramonte Gun Club, Grizzly Duck Club, Gum Tree Farms, Westwind Duck Club, and Honker Farms) on which spray drone herbicide treatments were applied. Top left inset map shows the location of Suisun Marsh in California; bottom left inset map shows the study sites locations within Suisun Marsh. 
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Figure 3. Spray drone used to treat a patch of invasive Lepidium latifolium on Suisun Marsh. The inset image offers a close-up view of the drone in flight. 






Figure 3. Spray drone used to treat a patch of invasive Lepidium latifolium on Suisun Marsh. The inset image offers a close-up view of the drone in flight.



[image: Remotesensing 15 03845 g003]







[image: Remotesensing 15 03845 g004 550] 





Figure 4. Flow chart outlining the methods required to identify Lepidium patches, apply herbicide using the spray drone, and examine the application’s efficacy. 
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Figure 5. Example of the spray drone’s flight transects on Morrow Island. Satellite imagery of the area is shown on the left, and the drone’s flight path (beige with red outline) and extent of Lepidium latifolium (black) estimated from our imagery classification are indicated on the right inset map. 






Figure 5. Example of the spray drone’s flight transects on Morrow Island. Satellite imagery of the area is shown on the left, and the drone’s flight path (beige with red outline) and extent of Lepidium latifolium (black) estimated from our imagery classification are indicated on the right inset map.
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Figure 6. Volume density (L/ha) and droplet size (Volume Median Density (VMD)) averaged across 6 repetitions for spray-cards placed at 1 m intervals from the centerline of the spray drone’s path. Volume density is displayed as the gray shaded area, while VMD is shown as the red line. We considered 4 m from the centerline to be the boundaries of the core spray swath; vertical dashed lines represent these boundaries where 75% of the herbicide was distributed. The inset image shows an example droplet spray card. 
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Table 1. Area in which patches of Lepidium latifolium were treated with herbicide using a spray drone, as well as the amount of Lepidium classified by our remote sensing models in 2020 on eight sites in Suisun Marsh. Weather conditions (temperature and wind) reported for 12:00 p.m. on the respective day of treatment (World Weather Online).
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	Site Name
	Date Treated
	Temperature (°C)
	Wind Speed (kph)
	Classified Lepidium (ha)
	Area Treated (ha)





	Grizzly/Gum Tree
	28 April
	27
	5
	0.16
	1.1



	Westwind/Gum Tree
	5 May
	26
	9
	0.09
	0.8



	Westwind
	5 May
	26
	9
	2.99
	1.8



	Mallard Haven
	7 May
	28
	8
	0.15
	2.7



	Miramonte
	7 May
	28
	8
	0.39
	1.8



	Lower Joice
	8 May
	28
	5
	0.56
	1.0



	Morrow Island
	8 May
	28
	5
	0.20
	3.4



	Honker Farms
	8 May
	28
	5
	0.42
	1.5
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Table 2. Results of ground-truth tests of spray drone efficacy on Lepidium latifolium (LELA). Each quadrat is 1 m2 in size and only quadrats with LELA were included in the assessment. Efficacy (Area of LELA Affected/Total Area of LELA) is reported as the percentage of LELA displaying discernible effects such as browning and senescence.
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	Site
	Quadrats w/LELA
	% of Quadrats Covered by LELA
	Total Area of LELA (m2)
	Area of LELA Affected (m2)
	Efficacy (%)





	Grizzly/Gum Tree
	49
	24
	11.8
	9.6
	82.0



	Westwind/Gum Tree
	29
	54
	15.7
	15.5
	99.1



	Westwind
	60
	52
	31.2
	30.5
	97.8



	Mallard Haven
	93
	18
	16.7
	4.8
	28.6



	Miramonte
	100
	44
	44.0
	41.7
	94.9



	Lower Joice
	86
	33
	28.4
	23.5
	82.9



	Morrow Island
	100
	56
	56.0
	50.1
	89.4



	Honker Farms
	60
	24
	14.4
	12.8
	89.2



	TOTAL
	577
	38
	219.3
	189.7
	86.5
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