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Invasion by smooth cordgrass (Spartina alterniflora Loisel) has greatly impacted the intertidal ecosystems of China. Worldwide, chemical control is the most widely used method to control Spartina species, but it has not been widely implemented along the Chinese coast due to concerns about the potential impacts of herbicide residues on the environment and organisms. Macrobenthos, both natural and cultured on intertidal mudflats, is an important seafood resource, so human food safety is a particular concern. Here we tested the effectiveness of imazapyr (an imidazolinone herbicide inhibiting the synthesis of branched-chain amino acids) in controlling S. alterniflora from August 2020 to June 2021 on the Jiangsu Coast, an area severely impacted by S. alterniflora. We used two different concentrations of the herbicide and monitored the density of S. alterniflora seedlings and flower spikelets, the effects of herbicide use on macrobenthos, and residues in organisms and the environment at different times post-application. Ten months after application, imazapyr had killed all plants and within 30 days it inhibited the two reproductive processes of germination and flowering; there were no significant differences between the two concentrations used. Imazapyr residues were detected in the environment for up to 14 days post-application, but at very low concentrations and exponentially decreased with time. No residues were found in any macrobenthos. Imazapyr use did not result in a reduction of macrobenthos density. We conclude that the herbicide imazapyr effectively removes S. alterniflora with little collateral damage to other organisms and the environment. However, in view of the relatively small scale of our trials and the great extent of S. alterniflora in many sites in China, we recommend that larger scale field trails be conducted to assess any potential adverse effects when imazapyr is used at a landscape level.
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1 Introduction

Human activities, both deliberate and accidental, have brought a long list of species from their places of origin to the far corners of the world. Some of them have become invasive, displacing local species and dominating communities (Seebens et al., 2015; Early et al., 2016). Cordgrasses (Spartina spp.) are perennial C4 grasses that are important ecosystem engineers in their native ecosystems, modifying, maintaining and/or creating habitats (Strong and Ayres, 2013). Because of their capacity to dissipate wave action, thus protecting dikes, reducing erosion and trapping sediments, various Spartina taxa have been introduced to coastal areas worldwide, frequently resulting in serious ecological problems (Li et al., 2009; Strong and Ayres, 2013; Meng et al., 2020). The world’s largest invasion of S. alterniflora is in China (Strong and Ayres, 2013), where it is now found in all coastal provinces; in 2019 it covered 67,532 hectares and is still increasing (Gu et al., 2021). The most severely impacted region is the coast of Jiangsu Province and Shanghai (Gu et al., 2021). In China S. alterniflora has resulted in serious negative impacts on local biodiversity, fisheries, aquaculture and ecosystem functioning (Chen et al., 2004; Chen et al., 2009; Ju et al., 2017; Zhang et al., 2019a; Jackson et al., 2021). As a result, effective treatments to control or remove S. alterniflora have been sought (Ju et al., 2017).

Worldwide, coastal managers have tried various methods to control or remove Spartina including physical removal, biological treatment and treatment with herbicides. These methods vary in terms of effectiveness, cost and potential adverse effects (Roberts and Pullin, 2008; Table 1). Physical removal includes burning, hand pulling, smothering by covering with plastic, mowing, waterlogging, and tilling, but always with limited success (Roberts and Pullin, 2008; Xie et al., 2019). Physical methods are costly and destroy the physical structure of underlying sediments and, when impoundments are constructed, result in the loss of intertidal habitat (Yuan et al., 2011; Xie et al., 2019). Biological control, e.g., using the plant hopper Prokelisia marginata (Grevstad et al., 2003), has yet to be demonstrated as an effective method of biological control of S. alterniflora and potentially may exacerbate problems by selecting for resistant genotypes (Garcia-Rossi et al., 2003). Herbicides are the most widely used method worldwide for controlling Spartina species (Roberts and Pullin 2006) because they are highly efficient, low cost, fast-acting, with small impacts on the physical characteristics of the habitat, and potentially with limited impacts on other organisms.


Table1 | The efficiency, advantages and disadvantages of various methods of controlling or removing Spartina species.



Among the numerous herbicides used to control Spartina, glyphosate, imazapyr, fluazifop-p, haloxyfop, clethodim, and glufosinate have been used with success (Patten, 2002; Roberts and Pullin, 2008; Knott et al., 2013; Liang et al., 2020), imazapyr and haloxyfop are the most widely used (Roberts and Pullin 2006; Liang et al., 2020; Mo et al., 2021). Each of these herbicides has advantages and disadvantages (reviewed in Table 1). In China, haloxyfop has been used to control Spartina for more than 10 years, especially in Shanghai, which is one of the coastal areas most heavily invaded by Spartina (Liang et al., 2020). Imazapyr is among the most tested and used herbicides worldwide for Spartina control (Patten, 2002; Roberts and Pullin, 2008), however it has been used only once in China, but not in the most heavily invaded area, and no assessment of potential impacts on macrozoobenthos were made (Mo et al., 2021).

Macrobenthic animals play core roles in coastal wetland food webs both as primary and secondary consumers and as food for higher trophic level consumers such as fish and birds (Herman et al., 1999; Rakhimberdiev et al., 2018; Zhang et al., 2019b). Macrobenthos also influence the physicochemical processes in sediments through bioturbation (van der Zee et al., 2012; Adámek and Maršálek, 2013; Donadi et al., 2013; Donadi et al., 2014). Because of their generally limited mobility and sensitivity to environmental changes, macrobenthic species can serve as environmental indicator organisms (Bianchelli et al., 2018). Along China’s coasts, macrobenthos (especially bivalves) are important economic products; most intertidal flats along the Chinese coast are occupied by mollusc aquaculture, and cultured species dominate the macrobenthic communities (Peng et al., 2021) affecting the survival of other organisms in the ecosystem (Piersma et al., 2016). Since macrobenthos is important as seafood for humans (Li et al., 2011), smooth cordgrass in China usually has been subject to physical control rather than the use of herbicides (Ju et al., 2017) due to concerns about possible contamination. However, the extent of Spartina invasion in China is now such that herbicides are the only effective method of control in most areas, but there is a need to ensure they have no adverse ecological effects.

Imazapyr is an imidazolinone herbicide with excellent herbicidal activity against a broad range of plants, including terrestrial annual and perennial grasses and broadleaved herbs, woody species, and riparian and emergent aquatic species (USEPA, 2006). Its mechanism of action is to inhibit the synthesis of branched-chain amino acids (WSSA, 2014). Imazapyr possesses a low sorption capacity, high water solubility, and high persistence in soils (WSSA, 2014), and has been proved to present no risk to or toxic effects on local aquatic organisms, birds and insects (Fisher, 2003; USEPA, 2006). This study was designed to test the effectiveness of, and assess the impact on macrobenthos of, imazapyr used to control smooth cordgrass. To explore the effectiveness of imazapyr for the removal of smooth cordgrass, and to study the effects of herbicide residues in the environment and macrobenthos, we used controlled field experiments and monitored the residues of herbicides in macrobenthos, sediment and water.



2 Methods and materials


2.1 Study area

This study was conducted at Dongtai Estuary (Figure 1), within the ‘experimental zone’ of the Yancheng National Rare Birds Nature Reserve (YNRBNR), located on the coast of Jiangsu Province, China (N 32.95°, E 120.92°) (Ma et al., 2009). On the border between the northern subtropical zone and the southern warm temperate zone, it has four distinct seasons with cold winters and hot summers, and light but abundant precipitation (average precipitation is 1000 mm, Huang et al., 2015). YNRBNR is a key staging site for hundreds of thousands of waterbirds along the East Asian-Australasian Flyway (EAAF), and was listed as a World Heritage Site in 2019 (UNESCO, 2019).




Figure 1 | Study area in Jiangsu Province, China. Red plots are those treated with a high concentration of imazapyr, green plots are those treated with a low concentration of imazapyr, and blue plots show the untreated control plots.



Spartina alterniflora was first planted in Jiangsu in 1982 (Chung, 2006), since when it has rapidly invaded open mudflats (Gu et al., 2021), resulting in the loss of habitat for migrating birds (Ju et al., 2017). The experiments took place in the southern area of YNRBNR, where S. alterniflora has taken over all of the shoreline and extends up to 1.5 km or more offshore.



2.2 Plot setting and experiment treatment

Nine plots adjacent to the seawall were selected, each being 50 m × 200 m in size (1 ha in area). The tides submerged the plots for one (neap tide) to four (spring tide) hours during the high tide almost every day in August, but in September the plots did not submerge during the neap tide.

The plots received three treatments of imazapyr herbicide (Polaris, Nufarm Americas Inc.) (Table 2): high concentration group (10%), low concentration group (5%), and the control group which was not sprayed, with three replicates for each treatment (Figure 1). The minimum distance between sprayed plots was 20 m, and the minimum distance between the control and sprayed groups was 50 m to minimize the potential effect of spray drift on the control group. We used the same dose of Polaris (7L/ha) in both the high and low concentration plots, which was recommended by the herbicide manufacturer and previous researchers in the United States (Patten, 2002), the difference in concentration being due to the amount of water mixed; the application rate was twice as much using the low concentration mix (Table 2). We did this to test whether the application of more spray volume may lead to increased runoff (loss) of Polaris to the ground/water, which may have an impact on uptake by S. alterniflora.


Table 2 | The concentrations and composition of the imazapyr mixture.



The spraying of imazapyr was conducted on 13 August 2020 (Table 3); a sunny day with a neap tide, and wind speed < 4 m/s; water only submerged the lower parts of the stems of plants in our plots for 1 hour over a single tide which occurred 10 hours after spraying, thus ensuring that neither tide nor rain washed off the imazapyr shortly after spraying. Agricultural drones (DJI Agras T20) were used for spraying. To ensure effective spraying and prevent wastage, we set fixed computerized GPS tracks, flying at a height of 2.5 - 4 m above ground level (~1.5m above S. alterniflora) with a spraying range (the width of the area sprayed by each drone track) of 3.6 m.


Table 3 | The overall view of the sampling.





2.3 Monitoring methods

The monitoring was conducted from 11 August 2020 to 9 June 2021. S. alterniflora and macrobenthos were measured both before and after spraying. Imazapyr residues were measured 5 times within 31 days after spraying (Table 2).


2.3.1 Plant

In each plot, 5 subplots (1m x 1m each) selected randomly at a distance of 20 m from adjacent subplots were sampled. We cut off all plants above the ground in each subplot and checked whether they were dead or alive, and counted the number of living S. alterniflora stems. No other plant species were found in our study plots. We randomly selected ten S. alterniflora plants in each subplot and measured the height (measured from the base of the plant (above ground) to the tip of the stems), leaf length and leaf width (of the longest leaf of the selected plant), stem diameter (at the thickest part of the selected plant), and the length of the flower spikelet.

S. alterniflora propagates sexually via seeds and also asexually by tillers and rhizomes (Patten, 2002). To understand the effect of imazapyr on the reproduction of S. alterniflora, we monitored seedlings and spikelets to assess the effects of imazapyr on reproduction. We identified all S. alterniflora plants which were <5 cm tall as ‘seedlings’ (although these could include new growth from tillers and rhizomes), taller shoots were noted as ‘stems’. Spikelet length was only measured after the plant was eared. Plant monitoring was carried out 2 days before treatment, and 31, 61, and 300 days after treatment (Table 3).



2.3.2 Macrozoobenthos

In each plot, three sampling sites were randomly selected with a distance of at least 50m from each other, and a sediment core (surface area 0.019 m2) was taken to a depth of 20 cm and washed over a 0.5 mm sieve (Peng et al., 2021). The sieved macrozoobenthos were stored frozen (-18°C) prior to analysis. In the laboratory, macrozoobenthos were identified to species level using a dissecting microscope and counted (Peng et al., 2021). Macrozoobenthos monitoring was carried out 2 days before treatment, and 15, 31, 300 days after treatment (Table 2).



2.3.3 Residues of imazapyr

Samples for testing imazapyr residues were collected from 6 treated plots (3 high and 3 low concentration plots) and one untreated plot. In each plot, four sampling sites were selected with three being in vegetated areas and one in bare ground (with a size > 4m2). At each vegetated sample site, three benthic species (the gastropods Cerithideopsis largillierti and Assiminea latericea, and the crab Helice latimera) were collected by hand from the surface. Because these three species live on cordgrass or on the soil surface, they are more likely to be exposed to herbicides; furthermore, all three species feed on S. alterniflora, which makes them more likely to accumulate herbicides. At least 30g wet weight flesh for each species was collected at each sampling site, to enable sufficient flesh to be sampled for analysis. In areas of bare ground only one species, Cerithideopsis largillierti, was found. Approximately 10 g of soil was collected using a small shovel from the surface and at a depth of 5 cm, respectively and stored in sealed ziplock bags for measuring herbicide residues. Additionally, two 50ml water samples were collected from channels or shallows in the plots and saved in 50-ml centrifuge tube. All benthos, soil, and water samples were stored in a freezer (-18°C) within 12 hours of collection. Residue sampling was carried out on 1, 7, 14, 21, 30 days after treatment (Table 3).




2.4 Determination of the imazapyr residues in sediments and benthic organisms


2.4.1 Pretreatment of samples

For sediment samples, 1g of sediment was weighed and transferred into a 5.0-ml brown centrifuge tube, and then 2.0 ml of ammonium acetate solution (2.0 mM) was added and vortexed for 5 min, after which the mixture was treated with ultrasonic power of 100W for 15 min on an ice bath. Then, the samples were centrifuged at 10000 g for 10 min to collect the supernatant, followed by filtration through 0.45 μm hydrophilic filter. For benthic organisms, 1g of flesh pooled from several animals was put into a 10-ml tube, followed by the addition of 2.0 ml ammonium acetate solution (2.0 mM). Then, the samples were fully homogenized using a hand-held tissue homogenizer, after which 1.0 ml of the homogenate was transferred into a 4.0-ml centrifuge tube, and 2.0 ml of trichloroacetic acid (12.0%, w/w) was added to precipitate proteins in the solution. After vortex treatment for 5 minutes, the mixture was subjected to ultrasonic treatment for 15 minutes on an ice bath, followed by centrifugation (10000 g) for 10 minutes at 4°C. Finally, the supernatant was collected for determination after filtration through 0.45 μm hydrophilic filter.



2.4.2 UPLC-ESI-MSn determination of imazapyr

UPLC-ESI-MSn analyses were carried out using an Agilent 1260 Infinity II LC system coupled with a QTRAP® 5500 system (AB, USA). Analytical separation was carried out at 30°C on a ZORBAX RRHD SB-C18 column (2.1 mm id × 50 mm, 1.8 μm). Isocratic gradient elution was performed with a mixture of 94% ammonium acetate solution and 6% acetonitrile. The flow rate was kept at 0.3 mL/min, and 3.0 μL of each sample solution was injected in each run. Multiple reaction monitoring (MRM) was used for detecting transitions in a positive ionization mode. The operating parameters were set as follows: electrospray source; spray voltage, 4000 V; source temperature, 350°C; nebulizing gas, 15 psi; heating gas, 55 psi; curtain gas, 12 psi; gas flow rate 11L/min. The quantitative ion-pair was selected as 262.1/117.1, and external calibration curves of imazapyr were established with ten concentrations ranging from 0.0144 to 144 ng/mL. The calibration curve was linear over the entire concentration range and the Pearson’s correlation coefficient (r) was more than 0.99. The limit of detection (LOD) and limit of quantification (LOQ) of the imazapyr ranged from 0.0014 to 0.042 ng/mL. Analyst 1.6.1 software (Applied Biosystems, MDS Sciex, Canada) was used to run the above analysis.




2.5 Data analysis

Tukey’s HSD test was used to compare the difference among the groups at different times, including the density of plant, plant height, leaf length, leaf width, stem diameter, the density of seedlings and spikelet, and length of spikelet. Tukey’s HSD test was used to compare the difference in the density and number of species of macrobenthos among the groups at different times. To compare the residues of imazapyr in the surface soil, deep soil, water and macrobenthos among groups in different stages, Tukey’s HSD test was used separately. For the density of macrozoobenthos in June 2021, because the snail A. latericea falls to the ground when S. alterniflora dies, we compared the density of A. latericea in three treated groups by paired t-test; we further compared the density of all macrozoobenthos excluding A. latericea to remove the effect of their falling down with the dead plants. p < 0.05 indicates a significant difference. All statistical analyses were made using RStudio 1.4 for Windows.




3 Results


3.1 Plants

Only S. alterniflora was recorded in the nine plots we monitored; no other plants were found. Before treatment, the overall density of S. alterniflora stems across the plots was 113 ± 27 m-2 (n = 45), and there were no differences among the plots (p>0.05 in all cases. Figure 2A). Plant densities measured 31 days and 61 days after treatment did not change significantly for each of the three groups (Figure 2A, all p > 0.05). After 300 days post-treatment (the second growing season of our study), stem density of the untreated group increased significantly to 180 ± 19 stems m-2 (n = 15), but all plants in the high and low concentration treatment groups were dead (Figure 2A). Before treatment, the height of S. alterniflora was 140.4 ± 31.0 cm (n=448), with no differences among the three groups (p>0.05 in all cases. Figure 2D). After treatment, the heights of S. alterniflora measured on Day 31 and Day 61 did not change in either the high (p=0.55) or low concentration group (p=0.18), and all plants in these two groups were dead after 300 days (Figure 2D). In contrast, the plant height increased significantly in the untreated control group during the first two months after treatment (p<0.001), but decreased to the lowest level measured 300 days after treatment, the second growing season of our study as the stems died naturally over winter (Figure 2D).




Figure 2 | Plant densities and features of S. alterniflora in different treatment groups at different times. (A) Density of S. alterniflora. (B) Density of seedlings. (C) Density of flower spikelet. (D) Height of S. alterniflora. (E) Length of flower spikelet. (F) Length of leaves. (G) Width of leaves. (H) Diameter of stem. The different lowercase letters indicate significant differences between groups (p < 0.05). Red symbols and lines show plots treated with a high concentration of imazapyr, green symbols and lines show low concentration plots, blue symbols and lines show untreated control plots.



The average length of leaves was 74.0 ± 12.7 cm (n=448) before treatment, with no differences among groups (p<0.05 in all cases. Figure 2F). After treatment, the leaf length in both high and low concentration plots decreased slightly by Day 31, but significantly by Day 61, and no leaf was found on Day 300 when all plants were dead (Figure 2F). In contrast, the leaf length in the untreated plots did not change much after 31 days, but had decreased greatly after 300 days (p<0.001. Figure 2F) as the stems died naturally overwinter. The width of leaves was on average 11.9 ± 2.4 mm (n=448) before treatment and there was no difference between groups (p<0.05 in all cases. Figure 2G). In high concentration plots, the leaf width did not change by Day 31 and Day 61 (p=0.20), and no leaves were left by Day 300 when all plants were dead. In low concentration plots, the leaf width did not change by Day 31, but increased by Day 61 with an overall increasing trend during this period (p=0.02, Figure 2G). In untreated plots, the leaf width increased as measured on Day 31, and then decreased to the lowest level as measured on Day 300 in the next year (p<0.001). The stem diameter was 7.9 ± 1.5 mm (n=146) before treatment and no differences were detected between groups (p>0.05 in all cases. Figure 2H). The stem diameters in both high and low concentration plots decreased within 61 days after spraying (p<0.001). In untreated plots, the stem diameter also decreased within 61 days after spraying (p<0.001), but it increased to a similar level after 300 days to that measured at Day 0 (Figure 2H).

The density of seedlings of S. alterniflora was 50 ± 12 stems m-2 (n=45) before treatment, and not significantly different among the three groups (p>0.05 in all cases). After treatment, the densities of seedlings decreased to a very low level on Day 31 and even to zero on Day 61 in both high (p<0.001) and low concentration plots (p<0.001) (Figure 2B). In contrast, the seedling density in untreated plots increased significantly on Day 31 and Day 61 (p<0.001), but was recorded as ‘zero’ on Day 300 in the following June because all stems were taller than 5 cm. Because the experiment started before flowering, no spikelet was recorded in all three groups before the treatment. After treatment, no spikelet was found in either the high or the low concentration plots during the whole experiment. However, the density and length of the spikelet in untreated plots increased significantly after 31 days and 61 days (p<0.001. Figures 2C, E), and was zero 300 days later in the following June before the next flowering season.



3.2 Macrobenthos

Nine benthic species were found from 2020 to 2021 in the study plots (Figure 3A). The most abundant species were the gastropods Cerithideopsis largillierti (average density 131 individuals m-2), followed by Assiminea latericea (96 individuals m-2), the nereid polychaete Tylorrhynchus heterochaetus (39 individuals m-2), the crab Chiromantes haematocheir (14 individuals m-2), the bivalve Glauconome chinensis (10 individuals m-2), the crab Ilyoplax pingi (1 individual m-2), the gastropod Nerita yoldii (1 individual m-2), and the crab Uca arcuata (1 individual m-2). Before treatment, the mean number of species of macrobenthos was 2.6 ± 0.7 species/plot (n = 27); there were no differences between high concentration, low concentration and untreated plots (p > 0.05, Figure 3B).




Figure 3 | Species number and density of macrobenthos under different treatments at different times. (A) Overview of the composition of macrobenthos, different colors show the different species, the length of bar indicates the density of each species. (B) Species number and (C) density of macrobenthos in different treatments at different times, the different lowercase letters indicate significant differences between groups (p < 0.05). Red symbols and lines show high concentration plots, green symbols and lines show low concentration plots, blue symbols and lines show untreated control plots.



After treatment, the species number of macrobenthos remained relatively stable in the high (p>0.05) and low concentration (p>0.05) plots across all study stages Figure 3B. The species number of macrobenthos in the untreated plots did not change significantly after 31 and 61 days (p>0.05), but it had decreased to 1.9 ± 1.1 species/plot (n = 9) when measured on Day 300 in June 2021 Figure 3B. The average density of macrobenthos across all 9 plots was 287 ± 126 individuals m-2 (n=27) before treatment, and there were no differences among the three groups (p>0.05). After treatment, the densities of macrobenthos in all three groups were similar when measured on Day 31 (p>0.05) and Day 61 (p>0.05), but the density in the high concentration group was significantly higher than those in the untreated plots when measured on Day 300 (p<0.05, Figure 3C). This is because the density difference of A. latericea among groups, where densities of A. latericea in untreated plots were significantly lower than treated plots (all p < 0.05). When excluding A. latericea, the densities of macrozoobenthos among the three treatments showed no differences on Day 300 (all p > 0.05).



3.3 Imazapyr residues

Samples from four kinds of environmental materials (i.e., surface soil, deep soil, water and macrobenthos) were tested for imazapyr residues. No imazapyr residues were detected in any macrobenthos sample collected from the treated and untreated plots (Figure 4). Imazapyr residues were detected in the surface and deep (5cm) soil samples from both the high concentration and low concentration plots, however the concentration of residues decreased exponentially with time until Day 21 after which no residue was detected in any soil sample (Figure 4).




Figure 4 | Changes of the concentration of Imazapyr acid residues in different environmental substances of different treated groups at different times. (A) Surface soil. (B) Deep soil (5cm). (C) Water. (D) Macrobenthos. Red symbols and lines show high concentration plots, green symbols and lines show low concentration plots, blue symbols and lines show untreated plots.



The concentration of the residues was higher in the surface soil than in the deep soil as measured at the same time for both high concentration and low concentration plots, but the residues remained in the soil longer in the high concentration plots than in the low concentration plots (Figure 4). No residue was detected in the soil beyond Day 14 in the low concentration plots, but beyond Day 21 in the high concentration plots, although at very low concentrations (0.08± 0.21 μg/kg for surface soil and 0.06 ± 0.14 μg/kg for deep soil). For the untreated plots, the residue was found in one out of three surface samples at an average concentration of 0.11 ± 0.18 μg/kg (n = 3) on Day 1 only, and not detected after Day 7 (Figure 4A).

No imazapyr residue was detected in the water samples from the high concentration plots on Day 1, but was detected from one out of three samples at an average concentration of 19.01 ± 32.93 μg/Kg (n = 3) on Day 7, and no imazapyr residue was found on or beyond Day 14. For the low concentration plots, imazapyr residues were found in two out of three samples at 268.37 ± 464.29 μg/kg (n=3) on Day 1, but was not recorded in the following sampling. The residues were detected in the water samples from the untreated plots at 560.57 μg/kg (n = 1) on Day 1, but thereafter was not detected (Figure 4C).




4 Discussion


4.1 The efficiency of imazapyr herbicide in killing Spartina alterniflora

All S. alterniflora was dead within 10 months of spraying in both high and low concentration plots. In addition, both asexual and sexual reproduction were effectively prevented in the treatment groups, and no new plants were produced in the following summer. The high control efficiency was consistent with other reported results (Roberts and Pullin, 2008; Mo et al., 2021), confirming that imazapyr can effectively inhibit the tillering and flowering of S. alterniflora, as well as the growth of plants, and eventually kill all the plants.

This study showed that there was no significant change in the density of living S. alterniflora (average height of 1.5 m) as measured within 61 days after spraying. In contrast, more than 95% of ‘seedlings’ (<5 cm in our study) were dead by 30 days post-spraying, and all were dead after 61 days. In a study in Fujian Province, southern China, half of the S. alterniflora was dead 30 days after spraying, and more than 90% of the plants were dead by 60 days (Mo et al., 2021), even though the concentration (5.7%) of active ingredient (imazapyr) was lower than the high concentration treatment in our study (10%). Although S. alterniflora on the Jiangsu Coast took longer to die completely than elsewhere (Patten, 2002; Mo et al., 2021), the final efficiency using imazapyr was nearly 100% in our sampling subsamples, and more than 95% in the entire treated plots (Figure 5). Imazapyr effectively inhibits both sexual and asexual reproduction of S. alterniflora, so the plants are unable to complete generation turnover, and also can kill the mature, tall plant, so it is possible to use imazapyr to completely remove all the invasive S. alterniflora.




Figure 5 | The effectiveness of imazapyr herbicide on S. alterniflora. (A) The changes of S. alterniflora in one treated plot (plot 2 in b) from day 0 to day 300 after treatment. (B) The overview of treatment effectiveness, photos were taken after treatment for 14 months, a typhoon had cleared away the dead vegetation. Red letters and plots show high concentrations plots, green letters and plots show low concentrations, and blue plots show the untreated plots.



When using similar or higher doses of imazapyr, it took longer to kill S. alterniflora in Jiangsu than in Fujian. This may be related to the fact that the stems of S. alterniflora along the Jiangsu coast are 3 times higher than those in Fujian; furthermore, we sprayed at a time when the plants were nearing flowering (August), whereas in Fujian, Mo et al. (2021) sprayed during the active growing period (May), and it is recognized that a higher-concentration of herbicide and longer-acting time is required to kill mature plants (DNR, 2012).

We found no differences in any of the metrics of S. alterniflora that we monitored between the high and low concentration treatment groups across the study period, and there were also no significant differences in macrobenthos density and imazapyr residues. This suggests that mixing different amounts of water does not affect the absorption of imazapyr by S. alterniflora and the environmental impacts of imazapyr. As a result, we recommend using the high concentration of imazapyr (10%) to remove S. alterniflora, because this reduces the amount of drone flying time needed to apply it, which will therefor reduce costs.



4.2 Residues of imazapyr in the environment

The highest herbicide residues were detected in water samples from channels and shallows. Surprisingly, these herbicide residues were found in the untreated plot on Day 1 after spraying. However, on Day 7, no imazapyr residues were found in the water of the low concentration and untreated plots, while only a very low amount was detected in the high concentration plots where none was detected on Day 1. No residues were detected two weeks later, or subsequently. All plots were subject to tidal inundation for 1-4 h every day in August, which will have washed imazapyr from the plants while the high tidal range ~5m (Kang et al., 2015) will have resulted in strong tidal flushing. Since the half-life of imazapyr in water averages 3-5 days (USEPA, 2006), it is likely that any imazapyr flowing elsewhere decomposed quickly. It is possible that the detection of imazapyr residue in water samples of the untreated plots on Day 1 resulted from spray-drift, but we think that this is unlikely as spraying was done on a calm day and there was no evidence of S. alterniflora mortality in the control plots.

We found imazapyr residues in the sediments (both surface soil and deep (5cm) soil) of the treatment plots, with higher residues in the high concentration plots than in the low concentration plots; none was found in the control plots. The concentration of residues decreased exponentially with time until only a very low level was detected in high concentration plots and none in low concentration plots in the second week, and no residues were detected in the third week or thereafter. In view of the fact that imazapyr is stable to hydrolysis, aerobic and anaerobic soil degradation (USEPA, 2006), this suggests that residues were washed from the sediment by tidal movement. Thus, imazapyr residues did not accumulate in the sediments of the intertidal area. For these reasons, we also recommend that spraying should be done during the neap tides such that the tide only submerges the plants and tidalflats for a short period, thereby ensuring that plants have enough time to absorb the herbicide, while also allowing tidal flushing of herbicide residues.

The imazapyr residues found in the deep soil may be due to the effects of tidal water. The plots were covered by tides one (neap tide) to four (spring tide) hours per day in August, and the water might carry the residues from the surface layer to the deeper layers. It is also possible that the residues flowed into the deeper soils with the water during our sampling.



4.3 Effects of imazapyr use on macrozoobenthos

Organisms other than the target plants have been the most important indicators to assess the safety of herbicides (Rani et al., 2021). A previous study using herbicides to control S. alterniflora along the Chinese coast suggested that the use of haloxyfop-r-methyl or glyphosate herbicide may lead to a short-term decline in crab density (Qiao et al., 2019), but the authors did not investigate whether this may have resulted from direct effects or indirect effects such as the death of S. alterniflora affecting habitat structure and/or food resources. Whilst this could be taken as suggesting that herbicides may affect the biomass of benthic fauna and thus potentially the yield of the human seafood, the U.S. Environmental Protection Agency determined that for imazapyr ‘there are no risks of concern to terrestrial birds, mammals, and bees, or to aquatic invertebrates and fish’ (USEPA, 2006), and Sheng et al. (2014) using haloxyfop, and Zhao et al. (2020) using haloxyfop, detected no adverse effects on macrozoobenthos and meiofauna respectively. We did not detect imazapyr residues in any macrobenthos samples throughout the study period, whether snails or crabs, the most abundant species in the study area. These two groups of benthic animals are active in plants and on the surface soil, feeding on plant debris and the plants themselves (Wang et al., 2014), and thus may be more vulnerable to exposure to herbicides than macrobenthos in the mudflats, however our results suggest that imazapyr did not accumulate in macrobenthos.

There were no differences in macrobenthos density when S. alterniflora density was similar during the first 61 days following spraying among the three treatments, but by June 2021 (300 days post-spraying) A. latericea was significantly more abundant in the treatment plots where all plants had died. Because A. latericea prefers to attach itself to the stems and leaves of S. alterniflora (Wang et al., 2014), it may be that A. latericea scattered to the ground surface after the dead S. alterniflora collapsed. We sampled the macrobenthos mainly from the surface to 20 cm deep sediment, and did not survey the macrobenthos on the plants, which may have caused the density of A. latericea to be significantly higher in treated plots than in untreated plots on Day 300.

The densities of macrozoobenthos 300 days post-spraying did not differ significantly among the three treated groups when A. latericea was excluded the from the analysis. This supports the contention that the herbicide itself may not affect the survival of macrobenthos directly, because it does not accumulate in macrobenthos.

Previous toxicological studies have proven that imazapyr has little toxicity effect on mammals, birds, fish and aquatic invertebrates and it is considered to be non-toxic to them when it is used as instructed (USEPA, 2006). Additionally, the short half-life of imazapyr in water (3-5 days) (USEPA, 2006) and strong tidal flushing along much of China’s Yellow Sea coast, indicate that the toxicity risk of imazapyr to benthic animals in the intertidal area is very low. In view of the importance of China’s intertidal areas for seafood production future studies should further assess imazapyr levels in commercially important species to ensure their safety for consumption – currently the USA has a safety level for imazapyr of >1.0 ppm for fish and > 0.1 ppm for shellfish (Department of Health and Human Services, 2022) and Germany has a limit of 0.1 ppm (De Witte et al., 2022).




5 Conclusion

The present study demonstrates that the herbicide imazapyr results in a high mortality of S. alterniflora with low ecological risk if applied strictly in accordance with the product instructions, however further study may still be needed in the future to confirm its safety with respect to commercial seafood. The application of imazapyr thus seems a rather benign option for the control of S. alterniflora in China and the use of plant protection drones provides a practical method for future large-scale operations. However, as imazapyr is a broad-spectrum herbicide, it needs to be used with caution in coastal wetlands where native salt marsh plants and mangroves also occur. Indeed, as S. alterniflora now occupies more than 60,000 ha in China, the amount of herbicides required for eradication will be very high. We recommend that larger scale field tests be conducted to examine the environmental impacts of the wider application of imazapyr.
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Methods

Efficiency

Advantages

1.Physical removal (Roberts and Pullin, 2008; Xie et al., 2019)

Burning

Hand pulling

Plastic covers

Mowing

Waterlogging

Tilling

Low

Low

Medium

Low

High

Medium

Lowest cost

Environment- and habitat-friendly

Effective in combination with mowing for low vegetation

Removes the above-ground part quickly

Completely removed if undertaken properly

Completely removed by decp tilling

2.Biological treatment (Grevstad et al., 2003; Hinz et al.,, 2019)

Insects or
plant diseases

Medium

May be environment- and habitat- friendly when organisms are properly screened

3.Chemical herbicides (Patten, 2002; USEPA, 2006; Durkin, 2014; Liang et al., 2020; Zhao et al., 2020)

Glyphosate

Imazapyr

Fluazifop-p

Haloxyfop

Clethodim

Glufosinate

50%-90%

> 90%

> 90%

> 90%

68%

> 90%

1.Fast acting
2.A half-life of 33 hrs

1.High efficiency

2.Low usage amount

3.A half-life of 3-5 days, rapid photolysis in water
4.Formulation can be mixed with salt water

1.Low usage amount
2.Specific to monocotyledons
3.a half-life of a few days

1.High efficiency.

2.Fast acting

3.A half-life of a few hours in seawater
4.Low usage amount

5.Specific to monocotyledons

1.Low usage amount

2.A half-life of 1-3 days
3.Specific to monocotyledons
1.Medium acting rate

2.Low usage amount

Disadvantages

L.Short exposure time of the intertidal area
2.Wet vegetation in the intertidal zone
3.Regrows quickly

1.Deep rhizomes

2.High cost

1.Tide will frequently damage the plastic covers
2.Potential plastic pollution

1.Does not remove rhizomes
2.Re-grows very quickly
3.Compaction of substrate

1.Need to build dykes

2.Change the intertidal area into ponds
3.Very difficult to revert to intertidal
4.Very high cost

1.Very high cost

2.Deeply disturbed sediments
3.Destroys the whole habitat
4.Rhizomes may regenerate

1.Potential new biological invasion
2.Time costly in preparation and testing
3.High cost

4.May select for resistant genotypes

1.Low efficiency
2 Herbicide residues

1.Herbicide residues
2.Broad-spectrum herbicide

1.Stable in water, hard to decompose
2 Herbicide residues

1.Herbicide residues

L.Low efficiency
2.Herbicide residues

LA half-life of 25 days
2 Herbicide residues





