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Abstract

:

Crop varieties resistant to multiple herbicides have been developed to provide better control of weed populations in row-crop fields where glyphosate resistance has become common. These new varieties include lines of maize (Zea mays) resistant to both glyphosate and 2,4-dichlorophenoxyacetic acid (2,4-D). As these herbicides have the potential to impact microbial communities in soil, there is concern that their co-application may have a greater effect on activities linked to soil nutrient cycling than if they were applied individually. To investigate this possibility, a field study was conducted on 2,4-D+glyphosate-resistant maize to determine the impact of 2,4-D alone and 2,4-D+glyphosate on extracellular enzyme activity in both bulk and rhizosphere soil. Maize was treated at the V2 and V8 developmental stages. Changes in soil activities were small in magnitude and inconsistent between timepoints. 2,4-D+glyphosate-treated plots had higher beta-glucosidase, cellobiohydrolase, and phosphatase activities, but only after the V2 application in bulk soil in the first year of the study, while no significant effects were observed in the rhizosphere. Enzyme activities were more impacted by soil organic matter than herbicide treatments. These results suggest that, when applied at label rates, 2,4-D+glyphosate application will not adversely affect soil microbial enzyme activities.
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1. Introduction


Overreliance on glyphosate application for weed control in Roundup Ready® cropping systems over the last 25 years has led to the widespread prevalence of weeds resistant to this herbicide. In response, crop varieties have been developed stacked with multiple herbicide-resistance traits, in order to provide farmers with more weed-control options. Examples of this include glufosinate+glyphosate-resistant crops (LibertyLink®, BASF, Florham Park, New Jersey, USA), introduced in the mid-2000s, dicamba+glyphosate-resistant crops (Roundup Ready 2 Xtend®, Bayer, Whippany, New Jersey, USA), introduced in 2017, and 2,4-dichlorophenoxyacetic acid (2,4-D)+glyphosate-resistant crops (Enlist™, Corteva Agriscience, Indianapolis, Indiana, USA), introduced in 2019 [1]. The increased application of these herbicides during the growing season has led to questions about their secondary, non-target effects on the ecosystem, including the soil microbial community, which serves several functions in the field. One such critical function is the mediation of nutrient cycling and organic matter turnover in the soil.



Glyphosate application has the potential to alter soil microbial communities that carry out the above functions. Glyphosate inhibits 5-enolpyruvylshikimic acid-3-phosphate synthase (EPSP), which blocks aromatic amino acid synthesis in plants [2]. Some bacterial EPSP are also sensitive to glyphosate application [3,4]. Consistent with this, soil microbial biomass has been found to decrease in response to glyphosate application [5]. However, some soil microbes can degrade glyphosate as a nutrient source [6]. Therefore, application of glyphosate also has the potential to increase the growth of soil microorganisms capable of metabolizing it. As such, there are also multiple studies reporting enhanced microbial biomass levels in soils following glyphosate application [7,8]. However, other studies report no effect of glyphosate on microbial biomass in bulk or rhizosphere soils [9,10,11]. Of even greater importance is the effect that herbicide application may have on soil functions involved in nutrient cycling. These functions are often estimated in soil using assays of extracellular enzymes secreted by soil bacteria and fungi. Both short- and long-term glyphosate application has been found to enhance hydrolytic activities in soil, as indicated by increased rates of fluorescein diacetate (FDA) hydrolysis, which was observed in two Brazilian soils [12]. However, studies in Mississippi have reported no effects on FDA hydrolysis in maize-field soils following glyphosate application at recommended label rates [13]. Looking at specific activities, glyphosate has the potential to inhibit phosphatase [14,15], although this response is not universal, and phosphatase is often left unaffected after glyphosate application [8,11,13,16]. Glyphosate application has also been found to decrease the activity of N-acetylglucosaminidase, which is involved in C and N cycling, in the wheat rhizosphere [11], and lowers the abundance of ammonia oxidizing archaea and bacteria in bulk soil from sugarcane fields [17].



Application of 2,4-D in fields also has the potential to alter soil microbial community dynamics. As with glyphosate, some bacteria are capable of using 2,4-D as a carbon (C) source [18]. Conversely, this herbicide has also been found to have toxic effects on the growth of some common soil bacteria, including Azospirillum brasilense Cd [19] and some Rhizobium sp. [20], and exposure to high doses can decrease culturable bacteria in soils up to 15 days after spraying [21]. 2,4-D has the opposite effect on soil fungi, with high concentrations increasing the fungal population size [21]. In contrast to glyphosate, research on the effects of 2,4-D on soil nutrient-cycling activities is less extensive. In one study, 2,4-D was found to inhibit phosphatase activities in soil [8]. Meanwhile, 2,4-D has been found to inhibit nitrogenase activity in Klebsiella pneumoniae [22] and Nostoc muscorum Meg 1 [23], while stimulating it in Enterobacter agglomerans [22]. A similar trend was observed among nitrifying bacteria, where 2,4-D treatment inhibited autotrophic nitrifiers while stimulating heterotrophic nitrifiers [24]. The variability in bacterial sensitivity to 2,4-D could be a result of differences in antioxidative response pathways, with efficient hydrogen peroxide production being linked to tolerance to high levels of 2,4-D in certain Pseudomonas species [25]. As such, the response of the nutrient-cycling capabilities in soil may vary by location, based on differences in the microbial community.



There are fewer studies on the effects of the combined application of both 2,4-D and glyphosate. Given that both these herbicides have the potential to impact soil microbial activities, there is a possibility of synergistic effects when applied together. A greenhouse study indicated that 2,4-D + glyphosate had little to no effect on the activities of phosphatase, β-glucosidase, N-acetylglucosaminidase, and cellobiohydrolase in the soybean rhizosphere [26]. However, bulk soil and the rhizosphere of other crops may respond differently. These initial studies were conducted in the greenhouse to provide uniform conditions and minimize variation in enzyme response due to environmental factors. However, greenhouse studies cannot replicate all conditions experienced in the field, including exposure to wind, rain, insects, and other factors. Plant-associated microbial community composition has also been found to differ between greenhouse vs field grown plants [27]. In addition, to prevent herbicide contamination of other experiments, greenhouse-grown plants must be removed from their temperature-controlled environment and transported to alternate sites for herbicide application, introducing a potential stress to the plants that might impact results of rhizosphere assessments. As such, field-level studies are important to confirm the potential impacts of new herbicide-application regimes on soil microbial functions under real world conditions. Therefore, the purpose of the current study was to assess effects of glyphosate and 2,4-D application on microbial potential for nutrient cycling in both bulk and maize rhizosphere soil at the field scale in a multiyear study.




2. Materials and Methods


2.1. Site Description, Experimental Design, and Plot Management


The two-year field study was located on a research farm in Stoneville, MS. Weekly precipitation and air temperature during the study period were obtained from the Mississippi State University Delta Agricultural Weather Center [28] and are reported in Figure 1. Experimental plots were sown with maize resistant to 2,4-D and glyphosate (B14U78 SXE Brevant) and set up in a randomized complete block design with four blocks. Blocks contained one plot (32 m × 8.4 m) per treatment, for a total of three plots per block. Treatments were: 2,4-D alone (24D), 2,4-D in combination with glyphosate [N-(phosphonomethyl) glycine] (24DG), or no herbicide control (NH). Soil in the field is a Commerce very fine sandy loam [29]. Application rate for the 24D treatment was 2.3 L ha−1 Enlist One® (Corteva Agriscience, Indianapolis, IN, USA), and the application rate for 24DG was 2.3 L ha−1 Enlist One® and 2.3 L ha−1 Makaze® (Loveland Products, Greeley, Colorado, USA). These application rates translate to active-ingredient equivalent of 1 kg ha−1 of 2,4-D and 0.82 kg ha−1 of glyphosate. Herbicide treatments were applied at two timepoints: when maize reached the V2 and V8 developmental stages. The V2 timepoint was selected to assess effects of herbicide application during an early vegetative stage. The V8 vegetative stage was selected for the second application, as it is the latest developmental stage that Enlist One® can be applied according to label instructions. Timelines for maize sowing, herbicide treatments, and maize harvest are outlined in Table 1. The first year of the study was initiated in 2019, but the second year was delayed until 2021 due to labor shortage in 2020.




2.2. Sample Collection


Bulk soil samples were collected at sowing, one week after each herbicide application, and after maize harvest in the fall. Eight replicate soil cores were collected from each plot, divided into 0–5 and 5–15 cm depths, and mixed to form one composite soil sample per depth per plot. Rhizosphere soil was collected one week after each herbicide application. Briefly, five to six plants were randomly selected per plot and their root systems excavated, placed in Ziplock bags, and transported back to the laboratory on ice. The soil-root mass was gently massaged and shaken to dislodge loosely-adhered bulk soil. Then, the root systems were transferred to presterilized 500 mL beakers where they were submerged in approximately 100 mL of sterile deionized water and shaken to release rhizosphere soil from the roots. Plant debris was removed from the rhizosphere–water mixture by pouring through flame-sterilized 2 mm sieves. Rhizosphere soil was collected from the mixture by centrifuging at 3220× g for 15 min and discarding the supernatant.




2.3. Soil Sample Analyses


Bulk soils were assessed for soil moisture (SM) content by oven-drying aliquots of 5 g from each sample overnight at 105 °C, in triplicate, and calculated as the percent weight lost from drying. Soil organic matter (SOM) was determined by ashing oven-dried soil aliquots in a muffle furnace at 500 °C for 2 hr, and reported as the percent of weight lost due to ashing. Soil pH was determined by mixing equal parts of soil and water (1 g mL−1) on a magnetic stir plate and measuring using an electrode pH meter. Fluorescein diacetate (FDA) hydrolysis was determined in bulk soils using a 96-well plate protocol [30] and reported as nmole fluorescein produced per g dry weight of soil per hour. Activities of beta-glucosidase, cellobiohydrolase, N-acetyleglucosaminidase (NAGase), and phosphatase were assessed in both bulk and rhizosphere soils using p-nitrophenol (pNP)-linked substrates in a 96-well plate format [31], with modifications for rhizosphere soil. Briefly, pelleted rhizosphere soil was resuspended in 50 mM acetate buffer (pH 5) by vortexing to produce a soil slurry for assays, similar to those used in Jackson et al. [31]. The volume of buffer varied based on the developmental stage of the plant and the concomitant size of the rhizosphere pellet, with approximately 20 mL of buffer added to pellets from the post-V2 application samples and 50 mL of buffer added to the post-V8 application samples. All pNP-based enzyme activities were calculated as μmoles of substrate consumed per g dry weight per hour.




2.4. Statistics


Two-way analysis of variance (ANOVA) was used to determine significant differences between treatments and depth at each timepoint for soil chemical characteristics and enzyme activities. Differences between specific treatment effects detected by ANOVA were confirmed using a Tukey’s Honestly Significant Difference (HSD) post hoc test, with an alpha of 0.05. Relationships between soil chemical characteristics and enzyme activities were determined by Pearson correlations. All analyses were conducted in JMP version 15.0.0 (SAS Institute Inc., Carey, NC, USA).





3. Results and Discussion


3.1. Effects of 2,4-D and Glyphosate on Bulk Soil


Levels of SOM, pH, and SM all varied between timepoints throughout the study (Table 2). SOM was higher in 0–5 cm soil (p ≤ 0.0215), but did not differ between treatments at any timepoint (Table 2). Soil pH did not vary by depth or treatment at sowing or harvest timepoints either year, but was higher in 24DG than in NH control plots after the second year’s V2 application (p = 0.0416), and varied by depth at V2 in year 2 and V8 in both years of the study (Table 2; p ≤ 0.0027). SM did not vary by treatment and was greater in 5–15 than 0–5 cm soil in all but the sowing and V2 timepoints in year 1 (Table 2; p ≤ 0.0324).



Activities of all enzymes assayed also varied across timepoint and year. Analyses of baseline soil samples collected at sowing the first year of the study found no significant differences in bulk soil activities from either 0–5 or 5–15 cm depths, indicating that variability at the plot level is not correlated with the treatment assigned to each plot. As such, subsequent differences were attributed to the result of herbicide treatments. Most differences in activity were observed in 0–5 cm soil during the first year of the study, following the V2 application. Two-way ANOVA indicated a significant interaction between depth and treatment (p ≤ 0.0373), where 24DG plots had significantly higher levels of beta-glucosidase (p = 0.04) and cellobiohydrolase (p = 0.0081) compared to NH plots in 0–5 cm soil at this timepoint (Figure 2A,B). In the case of phosphatase, there was no interaction with depth, but a treatment effect, indicating both 24D (p = 0.0142) and 24DG (p = 0.0286) had significantly higher phosphatase activities than NH plots (Figure 2E). Meanwhile, FDA hydrolysis only differed between treatments at the year 1 V8 timepoint, when two-way ANOVA indicated a treatment effect where 24D had higher activity than NH controls (p = 0.0302; Figure 2C and Figure 3C). While FDA hydrolysis in 24DG also appeared higher than NH controls in 0–5 cm soil at the V8 timepoint (Figure 2C), this difference was not significant at an alpha of 0.05. NAGase was the only enzyme to be significantly affected by herbicide treatment in the second year of the study at the V8 timepoint. There was no significant interaction with depth, but a treatment effect where 24D had higher activity than 24DG (p = 0.0304; Figure 2D and Figure 3D). Plots treated with 24D also appeared to have higher NAGase activity than NH controls, but this difference was not significant. While 24DG appears to have higher cellobiohydrolase activity at the year 1 harvest timepoint (Figure 2B and Figure 3B), Tukey’s HSD indicates this difference is not significant.



Activities in 5–15 cm soil were significantly lower and more variable than those observed in 0–5 cm soil across all timepoints, with the exception of phosphatase, which did not vary by depth at pre-sowing or post-V8 in year 1. As such, there were fewer treatment-related differences in this depth, all of which corresponded with treatment effects that were also observed in 0–5 cm soils. Most significant differences in the 5–15 cm depth occurred at the post-V8 timepoint, where 24D alone had higher FDA hydrolysis than NH control plots (p = 0.0302; Figure 3C) and higher NAGase than 24DG (p = 0.0304; Figure 3D). Only phosphatase was impacted following the V2 application at this depth, with higher activities in both herbicide treatments compared to NH control plots (p ≤ 0.0286; Figure 3E). The greater number of differences in 5–15 cm soils at the later V8 could potentially be due to transport of the herbicide through the soil profile as a result of subsequent precipitation events.



The observation of more differences occurring after the V2, rather than the V8, applications in the 0–5 cm depth was surprising, as the post-V8 application timepoints were expected to display greater differences between treatments, owing to the plots being exposed to an additional herbicide application at that point. One possible reason for this discrepancy could be due to seasonal weather differences, as the week prior to the V2 application received nearly double the amount of precipitation as the week prior to the V8 applications each year (Figure 1). However, correlations between SM and soil enzyme activities were low, suggesting other factors also contributed (Table 3). Soil pH only varied between treatments after the second year’s V2 application, being higher in 24DG than NH controls, which did not correspond with significant differences in soil activities at this time point. In addition, the correlations between soil pH and enzyme activities were relatively weak, only being significant with cellobiohydrolase (r = −0.1551) and phosphatase (r = 0.2219; Table 3). SOM appears to be a major factor contributing to enzyme activities, with all enzymes significantly correlating with SOM (Table 3). SOM did not differ by treatment during the study period, but was higher in 0–5 than 5–15 cm soil (Table 2), which is consistent with differences in activities observed between depths. Many of the enzymes assayed are involved in organic-matter breakdown, and organic matter and substrate availability are primary drivers of soil enzyme activities across a variety of ecosystems [32,33,34,35]. As such, having similar levels of SOM as substrate across all plots in the experiment may have masked herbicide treatment-related responses.



While only a few timepoints had significant differences between treatments, when differences were observed, there was a general trend for 24DG-treated plots to have higher activities than NH controls. This observation is consistent with the potential for these herbicides to be used as C, nitrogen (N), or phosphorus (P) sources. While these herbicides both have the potential to inhibit members of the soil microbial community, the concentrations usually used in field applications are not high enough to elicit toxic responses. In the case of 2,4-D butyl ester, Zhang et al. [36] found that high concentrations (1000 µg g−1) decreased the amount of culturable bacteria in soil, while a lower concentration (10 and 100 µg g−1) stimulated it 8 days after application. The rate of 2,4-D applied in the current study (10 µg cm−2) is comparable to the lower end of the range applied by Zhang et al. [36], who found that stimulation of bacterial abundance at this rate was lower and less persistent than the 100 µg g−1 rate. This might explain why responses in the current study were low and variable. Of the two herbicide treatments in the current study, 24DG tended to have higher activities than 24D, possibly due to additive effects of both herbicides. The general weak response of phosphatase observed in the current study is consistent with Nowak et al. [37], who found that herbicide formulations containing 2,4-D and dicamba did not significantly impact acid phosphatase activities in soil when applied at label rates, only impacting activities when applied at five and 25 times the label rate.



As previously mentioned, several enzymes assayed in the current study are associated with organic-matter breakdown, with beta-glucosidase and cellobiohydrolase each involved in the degradation of cellulose and considered a measure of organic-matter turnover [38], NAGase correlated with N mineralization [39], and phosphatase linked to P mineralization [40]. Meanwhile, FDA hydrolysis is considered a measure of heterotrophic activity, as it is a substrate for several hydrolytic enzymes, such as esterases, lipases, and proteases [41]. FDA hydrolysis correlated significantly with all other activities assayed in the current study, suggesting shifts in these enzymes were largely a result of changes in overall microbial activity. Dennis et al. [42] found that glyphosate did not significantly impact activities of FDA hydrolysis, beta-glucosidase, or the ability to use 15 other substrates 7 days after application, with the exception of a temporary inhibition of the ability to metabolize three organic acids (malic, oxalic, and citric acid). Within the same region where the current study was conducted, Zablotowicz et al. [43] found that glyphosate did not affect FDA hydrolysis in 0–5 cm soil at 14 days after a second application of glyphosate in a soybean field. Results of the current study varied slightly from Zablotowicz et al. [43], noting a small number of significant differences in FDA activity between treatments, but those may have been due to differences in sampling time (7 versus 14 days after herbicide application), or slight difference in soil texture as, Zablotowicz et al. [43] assessed a silt loam, while the current study was conducted in a field with very fine sandy loam.



In another Mississippi Delta field study on maize, Jenkins et al. [13] reported activities of FDA hydrolysis, beta-glucosidase, and NAGase were largely unresponsive to glyphosate application, with the few effects observed being temporary and inconsistent across years. These results are consistent with observation of 24DG in the current study, although the differences observed currently were greater in magnitude and across more enzymes than those observed by Jenkins et al. [13]. While each of these studies performed two applications, Jenkins et al. [13] performed their assessments at a single point after both applications, when maize was at the R2 developmental stage, while the current study assessed activities one week after each application, when maize was at earlier stages of development (V2 and V8), as well as post-harvest. However, similar inconsistencies were observed in the response of soil activities to 24DG application as those seen by Jenkins et al. [13] to glyphosate only, with most differences occurring closer to the time of herbicide application. Taken together, these observations suggest that combined application of 2,4-D and glyphosate does not have a substantially greater impact on microbial activities in soil than glyphosate alone.



There are still relatively few studies that have examined the effects of both 2,4-D and glyphosate on activities in bulk soil. In one such study, Zabaloy et al. [44] found that glyphosate alone, or glyphosate with 2,4-D, did not significantly impact substrate-induced respiration (SIR) or dehydrogenase activity (DHA) in soil. Earlier work found that application of these individual herbicides at 10 times the normal rate only resulted in minor and temporary shifts in activity, with 2,4-D inhibiting SIR and FDA while stimulating DHA [45]. Lupwayi et al. [46] found that pre-sowing application of 24DG decreased functional diversity of bulk soil collected in canola fields at flowering stage, but only in one out of two years. Glyphosate application has also been found to decrease nitrification, as well as nitrate- and nitrite-consumption rates, in soil form sugarcane fields [47]. Martens and Bremner [48] also noted inhibition of urea nitrification by 2,4-D and glyphosate. These observations of inhibition are inconsistent with the current study, where the few differences in activity indicated stimulation. In the case of Martens and Bremner [48], they found the inhibition occurred in coarse-, but not fine-textured, soils, and attributed the inhibition to low C content in coarse soil. Soil C in the current study ranged from approximately 18.2–23.4 kg g−1 (calculated from SOM), which is well above the level of the low-SOC soils assessed by Martens and Bremner [48]. As such, the lack of inhibition following herbicide application in the current study could be due to higher soil C levels. In addition, the current study examined activities involved in organic matter mineralization, rather than nitrification, with these activities significantly correlating with SOM, suggesting stimulation of activities due to substrate availability may have overcome any inhibitory effects of the herbicides.




3.2. Activities in Rhizosphere Soil from 2,4-D and Glyphosate Treated Maize


Activities in the maize rhizosphere tended to be elevated compared to those in bulk soils, ranging from 1.8- to 5.9-fold greater, in 0–5 cm, to 3.6- to 14.6-fold higher, in 5–15 cm soils (Table 4 vs. Figure 2 and Figure 3). A similar trend of higher activities in the rhizosphere compared to bulk soil was also observed by Jenkins et al. [13]. This difference is likely due to nutrients deposited into the rhizosphere from root exudates. None of the activities in the rhizosphere differed between treatments after the V2 or V8 applications in either year (Table 4). This lack of response in the maize rhizosphere is similar to observations of the soybean rhizosphere, where neither NAGase or cellobiohydrolase activities responded to 2,4-D or glyphosate up to a month after application [26]. While a small increase in beta-glucosidase and phosphatase activities was noted in the rhizosphere of soybeans treated with 24DG, it was only at a single timepoint for each enzyme (7- and 14-days post application, respectively) and not consistent across different soil-texture applications [26]. However, a study by Nandula and Tyler [26] was conducted on greenhouse-grown soybeans, where a more controlled environment would have introduced fewer environmental factors and variability in soil conditions, which may have made small, transient shifts in enzyme activity more easily discernable compared to field conditions in the current study. In a field study on maize, Jenkins et al. [13] also found that activities in the maize rhizosphere were largely unresponsive to glyphosate application. In the wheat rhizosphere, Lupwayi et al. [11] found glyphosate had no significant effects on beta-glucosidase or acid phosphatase, which is consistent with the current study. However, they did note NAGase activity responded to glyphosate application, although the response varied according to application rate, with both low and high rates inhibiting activity (1 and 8 kg ae ha−1, respectively), while middle application rates (2 and 4 kg ae ha−1) did not differ from untreated controls [11]. Lupwayi et al. [46] also observed no differences in functional diversity of the canola rhizosphere in response to 24DG application compared to each herbicide applied individually, although this study did not include an NH control. Similar to the current study assessing individual enzyme activities, they also noted that there were fewer significant differences in functional diversity between herbicide treatments than non-significant differences [46].



Newman et al. [49] reported a number of microbial metabolic pathways were either up- or down-regulated in the rhizosphere of glyphosate-treated maize and soybean, including those involved in amino acid synthesis and C metabolism, suggesting that glyphosate could affect bacterial activities in the rhizosphere. This observation contrasts with the observations of the current study, as well as Jenkins et al. [13] and Nandula and Tyler [26], where effects of glyphosate application were inconsistent and small in magnitude. However, Newman et al. [49] only examined RNA transcripts, and differences at this level may not be enough to translate into altered activities at the functional level. The differences they observed may not be involved in synthesis of the enzymes assayed in the current study. Additionally, high substrate availability from nutrients in root exudates may have also masked any herbicide induced shifts in activity.





4. Conclusions


Assessment of combined applications of glyphosate and 2,4-D in resistant cropping systems has been limited. The few studies that have examined the combined effects of these herbicides were conducted in greenhouse or microcosm settings, or assessed only pre-sowing application. To the author’s knowledge, the current study is the first to assess the effects of 24DG in field conditions during the growing season. The application of 24DG tended to have a greater impact on microbial activities in bulk soil than 24D. However, this response was highly variable between timepoints and years, relatively small in magnitude, and tended to be stimulatory in nature. Variation between timepoints is likely due to climate-induced changes in soil conditions. The stimulation seen in response to glyphosate and 2,4-D application could be the result of soil bacteria capable of utilizing these herbicides as an additional C or N source. However, the concentration of C and N from herbicide applications is small, relative to the levels of organic matter in the soils. In comparison to bulk soil, activities in the maize rhizosphere were unchanged, even after multiple applications. The lack of response in the rhizosphere was attributed to greater substrate availability from high nutrient concentration in root exudates, stimulating enzyme production by soil bacteria and fungi to a level that masked any herbicide-based effects. Given the results from this study, along with the inconsistent nature of responses seen in other studies of both glyphosate and 2,4-D, combined application 2,4-D and glyphosate is unlikely to have a significant impact on soil enzymes involved in SOM processing, especially when used at recommended field rates.
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Figure 1. Weekly precipitation (bars), minimum air temperature (open circle), and maximum air temperature (closed circle) during the first (A) and second (B) study years. Times of sowing, herbicide treatments, and harvest are indicating by arrows. 
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Figure 2. Activity of beta-glucosidase (A), cellobiohydrolase (B), fluorescein diacetate (FDA) hydrolysis (C), N-acetylglucosaminidase (NAGase)(D), and phosphatase (E) in 0–5 cm soil from 2,4-D-only (closed circle), 2,4-D+glyphosate (open circle), and untreated control (closed triangle) plots for each timepoint during the two-year study. Values represent mean ± standard error (n = 4). 






Figure 2. Activity of beta-glucosidase (A), cellobiohydrolase (B), fluorescein diacetate (FDA) hydrolysis (C), N-acetylglucosaminidase (NAGase)(D), and phosphatase (E) in 0–5 cm soil from 2,4-D-only (closed circle), 2,4-D+glyphosate (open circle), and untreated control (closed triangle) plots for each timepoint during the two-year study. Values represent mean ± standard error (n = 4).
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Figure 3. Activity of beta-glucosidase (A), cellobiohydrolase (B), fluorescein diacetate (FDA) hydrolysis (C), N-acetylglucosaminidase (NAGase) (D), and phosphatase (E) in 5–15 cm soil from 2,4-D-only (closed circle), 2,4-D+glyphosate (open circle), and untreated control (closed triangle) plots for each timepoint during the two-year study. Values represent mean ± standard error (n = 4). 






Figure 3. Activity of beta-glucosidase (A), cellobiohydrolase (B), fluorescein diacetate (FDA) hydrolysis (C), N-acetylglucosaminidase (NAGase) (D), and phosphatase (E) in 5–15 cm soil from 2,4-D-only (closed circle), 2,4-D+glyphosate (open circle), and untreated control (closed triangle) plots for each timepoint during the two-year study. Values represent mean ± standard error (n = 4).
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Table 1. Farm management timeline for experimental field plots *.






Table 1. Farm management timeline for experimental field plots *.





	Activity
	Year 1
	Year 2
	Field Site





	Sowing
	20 March 2019
	5 April 2021
	All plots



	Herbicide application 1
	17 April 2019
	7 May 2021
	Treatment-specific plots



	Herbicide application 2
	17 May 2019
	26 May 2021
	Treatment-specific plots



	Harvest
	11 September 2019
	15 September 2019
	All plots







* Herbicide applications were either 2,4-D alone, 2,4-D plus glyphosate, or no herbicide treatment. All herbicides were applied at label rates.
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Table 2. Soil characteristics in 0–5 and 5–15 cm depths for each timepoint during the study period *.






Table 2. Soil characteristics in 0–5 and 5–15 cm depths for each timepoint during the study period *.





	

	

	
Moisture Content (%)

	
pH

	
Organic Matter (%)




	
Depth

	
Treatment

	
Sowing

	
V2

	
V8

	
Harvest

	
Sowing

	
V2

	
V8

	
Harvest

	
Sowing

	
V2

	
V8

	
Harvest






	

	

	
Year 1




	
0–5 cm

	
24D

	
15.22

	
15.43

	
14.76

	
6.4

	
7.11

	
7.39

	
7.02

	
6.76

	
3.95

	
3.97

	
4

	
3.72




	

	
glyphosate+24D

	
14.55

	
15.74

	
15.2

	
5.37

	
6.9

	
7.07

	
7

	
6.7

	
3.86

	
4.02

	
3.99

	
3.78




	

	
none

	
15.1

	
14.53

	
14.56

	
6.58

	
7.02

	
7.07

	
6.98

	
6.72

	
3.9

	
3.82

	
3.84

	
3.7




	
5–15 cm

	
24D

	
14.49

	
19.4

	
17.1

	
9.65

	
7.24

	
7.13

	
6.53

	
6.86

	
3.52

	
3.29

	
3.54

	
3.13




	

	
glyphosate+24D

	
15.12

	
20.89

	
15.61

	
9.19

	
7.02

	
7.14

	
6.29

	
6.81

	
3.4

	
3.17

	
3.41

	
3.11




	

	
none

	
15.11

	
15.98

	
16.07

	
9.69

	
7.12

	
6.97

	
6.81

	
6.74

	
3.4

	
3.2

	
3.42

	
3.13




	
2-way ANOVA

	

	

	

	

	

	

	

	

	

	

	

	




	
Depth

	

	
ns

	
ns

	
0.005

	
<0.0001

	
ns

	
ns

	
0.0027

	
ns

	
0.001

	
<0.0001

	
<0.0001

	
<0.0001




	
Treatment

	

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns




	
Depth × Treatment

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns




	

	

	
Year 2




	
0–5 cm

	
24D

	
12.92

	
14.35

	
11.16

	
11.93

	
6.48

	
6.79 ab

	
7.29

	
7.59

	
3.92

	
4.15

	
3.94

	
3.91




	

	
glyphosate+24D

	
12.54

	
14.96

	
11.7

	
12.86

	
6.45

	
6.83 a

	
7.38

	
7.51

	
3.86

	
3.98

	
3.54

	
3.82




	

	
none

	
13.46

	
14.44

	
9.85

	
13.36

	
6.5

	
6.69 b

	
7.31

	
7.47

	
3.72

	
3.92

	
3.77

	
3.83




	
5–15 cm

	
24D

	
14.31

	
16.18

	
13.29

	
14.08

	
6.47

	
7.44 cd

	
7.87

	
7.59

	
3.45

	
3.75

	
3.4

	
3.45




	

	
glyphosate+24D

	
14.83

	
15.85

	
12.49

	
13.76

	
6.61

	
7.57 c

	
7.91

	
7.59

	
3.37

	
3.65

	
3.34

	
3.281




	

	
none

	
16.18

	
15.99

	
12.36

	
14.41

	
6.6

	
7.26 d

	
7.92

	
7.63

	
3.28

	
3.56

	
3.37

	
3.37




	
2-way ANOVA

	

	

	

	

	

	

	

	

	

	

	

	




	
Depth

	

	
0.0008

	
0.001

	
0.0324

	
0.0226

	
ns

	
<0.0001

	
<0.0001

	
ns

	
0.0011

	
0.0002

	
0.0215

	
<0.0001




	
Treatment

	

	
ns

	
ns

	
ns

	
ns

	
ns

	
0.0493

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns




	
Depth × Treatment

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns








* Values represent mean from each treatment for each timepoint. Means followed by different letters are significantly different. Significant p-values from two-way analysis of variance between treatment and depth for each timepoint are indicated. ns (not significant).
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Table 3. Correlations between soil parameters during the study period *.
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	SM
	pH
	SOM
	Phos
	BG
	NAGase
	Cello
	FDA





	SM
	1
	0.0976
	0.0536
	−0.322
	−0.1889
	−0.0849
	−0.1996
	0.0546



	pH
	
	1
	0.0293
	0.2219
	−0.0343
	−0.1118
	−0.1551
	−0.1179



	SOM
	
	
	1
	0.2048
	0.6585
	0.508
	0.6598
	0.6381



	Phos
	
	
	
	1
	0.5895
	0.5492
	0.4467
	0.3753



	BG
	
	
	
	
	1
	0.8343
	0.9197
	0.7793



	NAGase
	
	
	
	
	
	1
	0.8223
	0.7262



	Cello
	
	
	
	
	
	
	1
	0.8469



	FDA
	
	
	
	
	
	
	
	1







* Significant Pearson correlations are in bold (α = 0.05).
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Table 4. Soil enzyme activities in the rhizosphere of maize plants one week following herbicide treatment at the V2 and V8 developmental stages *.






Table 4. Soil enzyme activities in the rhizosphere of maize plants one week following herbicide treatment at the V2 and V8 developmental stages *.





	

	
Year 1

	
Year 2




	
Treatment

	
V2

	
V8

	
V2

	
V8






	

	
Beta-glucosidase




	
2,4-D

	
1.74 ± 0.23

	
1.32 ± 0.17

	
1.33 ± 0.09

	
2.62 ± 0.42




	
2,4-D+Glyphosate

	
2.42 ± 0.39

	
1.66 ± 0.36

	
1.21 ± 0.09

	
2.24 ± 0.1




	
No herbicide

	
1.98 ± 0.47

	
2.06 ± 0.3

	
1.76 ± 0.31

	
2.36 ± 0.33




	

	
Cellobiohydrolase




	
2,4-D

	
0.53 ± 0.09

	
0.22 ± 0.01

	
0.23 ± 0

	
0.26 ± 0.01




	
2,4-D+Glyphosate

	
0.61 ± 0.07

	
0.27 ± 0.05

	
0.2 ± 0.01

	
0.26 ± 0.01




	
No herbicide

	
0.52 ± 0.08

	
0.31 ± 0.02

	
0.27 ± 0.03

	
0.27 ± 0.02




	

	
NAGase




	
2,4-D

	
0.72 ± 0.05

	
0.38 ± 0.05

	
0.34 ± 0.02

	
0.53 ± 0.05




	
2,4-D+Glyphosate

	
0.56 ± 0.06

	
0.38 ± 0.07

	
0.33 ± 0.02

	
0.46 ± 0.05




	
No herbicide

	
0.53 ± 0.09

	
0.43 ± 0.04

	
0.35 ± 0.07

	
0.49 ± 0.05




	

	
Phosphatase




	
2,4-D

	
3.53 ± 0.17

	
2.03 ± 0.19

	
4.11 ± 0.22

	
4.98 ± 0.69




	
2,4-D+Glyphosate

	
3.98 ± 0.59

	
2.24 ± 0.42

	
3.74 ± 0.25

	
4.13 ± 0.31




	
No herbicide

	
3.49 ± 0.59

	
2.66 ± 0.24

	
4.6 ± 0.54

	
4.17 ± 0.52








* Values represent mean ± standard error.
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