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The rice water weevil, Lissorhoptrus oryzophilus Kuschel, is the most important early-season pest of rice in the U.S. Additionally, lepidopteran stem-boring pests particularly the invasive Mexican rice borer, Eoreuma loftini (Dyar), are increasingly becoming problematic in Louisiana rice. Although insecticidal seed treatments have been widely adopted and have proven highly effective against weevils and stemborers, alternative management tactics are needed. This study was conducted to evaluate the effects of flood timing and rice cultivar on rice water weevil and stemborer infestations. Field experiments were conducted in Crowley, Louisiana, from 2019–2020. In each year, early- and late-planted trials were established according to a split-split-plot randomized block design. Four commonly grown rice cultivars were selected and were either treated or not treated with a chlorantraniliprole seed treatment. Permanent flood was established at normal timing (approximately the five-leaf stage) or delayed by 2 weeks. Seed treatment reduced weevil densities and stemborer injury by 70–84% and 87–94%, respectively, across planting dates, years, cultivars, and flood timings. The rice cultivar ‘Jupiter' consistently supported the highest numbers of immature weevils, whereas low levels of stemborer injury were observed in ‘Jazzman-2'. Weevil densities were 72 and 20% lower in plots subjected to delayed flood compared to normal flood timing in the 2019 and 2020 late-planted trials, respectively. Reductions of 79 and 93% in stemborer injury in the 2019 early- and late-planted trials, respectively, were observed in delayed flooded plots. Weevil and stemborer infestations negatively affected rice yields, with losses among cultivars ranging from 14 to 49%. Yield losses were generally lower in plots subjected to delayed flood compared to normal flood timing but the difference was only significant in the 2020 late-planted trial. Our data suggest that the combination of cultivar resistance and delayed flooding can serve as a valuable component of an integrated pest management program for both rice water weevil and stemborers.
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INTRODUCTION

Rice, Oryza sativa L., is one of the most important crops globally and is consumed by more than half of the world's population (Mohanty, 2013). Rice in the southern U.S. is predominantly cultured by drill-seeding in dry soil followed by the establishment of permanent flood 4–6 weeks after planting. Of the ~180,000 ha of rice planted in Louisiana in the past 2 years, 70% was cultured in this manner (Harrell, 2020). In the U.S., the rice water weevil, Lissorhoptrus oryzophilus Kuschel (Coleoptera: Curculionidae), is the most destructive early-season pest of rice (Way, 1990; Aghaee and Godfrey, 2014). Adult weevils overwinter in leaf litter, bunch grasses, and stubble in and around rice fields and typically emerge from overwintering in early spring (Shang et al., 2004). When rice plants are available, adult weevils feed on the leaves, leaving narrow longitudinal scars parallel to the venation of the leaves. Injury from adult feeding is generally not considered economically important except under unusually heavy infestations (Stout et al., 2013). The establishment of permanent flood in rice fields triggers female weevils to lay eggs in rice leaf sheaths beneath the water surface (Stout et al., 2002b). The majority of economic loss is caused by the soil-dwelling, root-feeding weevil larvae which cause extensive injury to rice root systems, resulting in reductions in tiller numbers, grain weights, and grains per panicle (Shang et al., 2004; Zou et al., 2004a). Yield losses can exceed 25% if rice water weevil infestations are left unmanaged (Stout et al., 2000).

A complex of stem-boring lepidopteran pests (Lepidoptera: Crambidae) attacks U.S. rice from tillering to maturity with the predominant species in Louisiana being the Mexican rice borer, Eoreuma loftini (Dyar) (Way, 2003; Beuzelin et al., 2016). The Mexican rice borer typically lays eggs in folds of dry leaves or leaf sheaths in rice. Neonate larvae will initially feed on leaf sheaths and eventually burrow into the stem. When larval feeding occurs during the vegetative stages of rice growth and development, the affected tillers wither and die, a condition known as a deadheart (Pathak and Khan, 1994). Larval feeding in rice stems during the reproductive stages of rice plants disrupts flow of nutrients to the developing grains, resulting in blanked panicles or “whiteheads” (Chaudhary et al., 1984). Stemborer activity in the field is usually measured by evaluating whitehead density, which is negatively associated with rice yield (Way et al., 2006; Reay-Jones et al., 2007; Wilson et al., 2021a). Stemborers, particularly the invasive Mexican rice borer, are becoming increasingly problematic in southwestern Louisiana. The Mexican rice borer has become firmly established in the state's rice production area as indicated by continued expansion over the past decade and high population density in many regions (Wilson et al., 2015, 2017). Economic losses in Louisiana rice are predicted to reach up to US $40 million annually if infestations of the Mexican rice borer are not managed (Reay-Jones et al., 2008).

Insecticidal seed treatments are currently the most widely used control tactic against insect pests of rice in the southern U.S. (Wilson et al., 2019; Bateman et al., 2020). Seed treatments are applied primarily to control the rice water weevil (Stout et al., 2011a; Hummel et al., 2014; Villegas et al., 2019; Wilson et al., 2021a,b), but seed treatments containing chlorantraniliprole also reduce stemborer injury in rice (Sidhu et al., 2014; Villegas et al., 2019). Despite the effectiveness of insecticidal seed treatments against weevils and stemborers, alternative management strategies need to be investigated to reduce reliance on chemical control and mitigate resistance development. Recent studies reported that some rice cultivars grown in the southern U.S. were able to tolerate infestations by rice water weevil (Villegas et al., 2021a,b). Tolerant crop cultivars are generally able to withstand pest injury and produce adequate yields such that tolerant genotypes suffer lower yield losses than susceptible genotypes when subjected to similar levels of infestation or injury (Flinn et al., 2001; Smith, 2005). Previous studies also indicated that water management practices such as delaying application of permanent flood can reduce infestations and impacts of rice water weevil (Rice et al., 1999; Stout et al., 2001). When flooding is delayed until rice plants are older (after rice plants have begun tillering), the period of time in which rice plants are vulnerable to weevils is shortened, resulting in reductions in weevil infestations (Stout et al., 2013). The effect of delayed flood timing on stemborer injury in rice is unknown. Manipulation of planting date has also been investigated as a tactic for reducing weevil infestations. Rice planted earlier within the recommended range of planting dates is often subject to lower levels of weevil infestations (Stout et al., 2011b). Similarly, less stemborer injury was observed in early-planted rice compared to late-planted rice (Villegas, unpublished data). This study was conducted to evaluate the influence of rice cultivars and flood timing on the infestations of rice water weevil and stem borers and the corresponding impacts on rice yields.



MATERIALS AND METHODS

Four field experiments were conducted from 2019 to 2020 at the LSU AgCenter H. Rouse Caffey Rice Research Station in Crowley, Louisiana. In each year, two separate trials were established – one planted early and the other late relative to recommended planting dates (Table 1). For each trial, field plots were laid out according to a split-split-plot randomized block design with four blocks. Each block contained a flood timing (whole-plot) × cultivar (sub-plot) × insecticidal seed treatment (sub-sub plot) field plot arrangement. Rice cultivars used in this study are commonly grown in Louisiana which include two long-grain cultivars (‘Cocodrie' and ‘Mermentau'), a specialty long-grain cultivar (‘Jazzman-2'), and a medium-grain cultivar (‘Jupiter'). The rice cultivar ‘Jupiter' was reported susceptible to the rice water weevil relative to the cultivars used in the study (Saad et al., 2018). Whereas, the rice cultivar ‘Jazzman-2' was reported moderately resistant to stemborer compared to the cultivars used in this study (Villegas et al., 2021a). Seeds were drill-planted at a seeding rate of 67 kg ha−1 in plots measuring 5.5 m in length with seven rows spaced 18 cm apart. Before planting, each cultivar was either treated or not treated with chlorantraniliprole seed treatment (Dermacor® X-100, Corteva Agriscience, Wilmington, Delaware) at a rate of 78.5 g a.i. ha−1 following the methods of Lanka et al. (2014). Dates of key production practices and data collection varied among trials (Table 1). After planting, fields were surface irrigated as needed to facilitate plant emergence and stand establishment. When the rice plants reached the five-leaf to early tillering developmental stage, permanent flood was applied to plots assigned to the normal flood timing treatment, whereas permanent flood was applied 2 weeks later to plots assigned to delayed flood timing. Field plots were maintained following the standard recommendations for weed control and fertilization for drill-planted rice in Louisiana (Saichuk, 2014).


Table 1. Field activities and corresponding dates.
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Immature rice water weevil (larvae and pupae) densities were evaluated 3–6 weeks after permanent flood according to established procedures (N'guessan and Quisenberry, 1992; Stout et al., 2001). Root-soil core samples were taken from each plot using a metal corer (9.2 cm diameter × 7.6 cm depth). Core sampling was conducted twice, and three core samples were taken in each plot per sampling time (768 samples total per year). Each core sample contained a minimum of one rice plant with intact roots, and each sample was processed by washing the soil from roots in a 40-mesh screen sieve bucket. The bucket was then placed in a basin with a salt-water solution. Rice water weevil larvae were counted as they floated to the surface of the solution and pupae were counted by inspecting bottoms of sieve buckets. Prior to analysis, the mean number of larvae and pupae across the three core samples from each plot was calculated.

Stemborer injury was evaluated when rice plants reached 100% heading. The number of whiteheads resulting from stemborer infestations was visually assessed and recorded in each plot. Whiteheads were collected and were brought back to the laboratory to retrieve and identify the stemborer species. Prior to analysis, the total number of whiteheads in each plot was converted to whiteheads per m2.

When rice plants reached grain maturity, entire plots were harvested using a small-plot combine (Wintersteiger Delta Plot Combine, Wintersteiger Inc., Salt Lake City, UT). Rough grain weights were adjusted to 12% moisture and converted to kg ha−1. Percentage yield loss was calculated for each cultivar using the formula: % yield loss = [(yieldtreated – yieldnon−treated)/yieldtreated] × 100.

The experimental design utilized in this study allowed the effects of cultivar, flood timing, and seed treatment to be analyzed statistically but did not allow statistical comparisons among planting dates because of insufficient replications. To avoid over-parameterization of the statistical model, data were analyzed separately by year and planting date. All analyses were performed in SAS version 9.4 (SAS Inst., Cary, NC). Rice water weevil and whitehead data were analyzed using generalized linear mixed-models (PROC GLIMMIX) with flood timing, cultivar, seed treatment, and their interactions as fixed effects and core date as a repeated-measure (weevil data only). Random effects were block, block × flood, block × flood × cultivar, and block × flood × cultivar × treatment (weevil only). Yield loss data were analyzed using the same model with cultivar, flood timing, and their interactions as fixed effects and block and block × flood as random effects. The analyses were modeled using a Gaussian distribution. Data residuals were examined (PROC UNIVARIATE) to ensure normality and homogeneity of variances. Weevil and whitehead data were log and square root transformed, respectively, prior to analyses but untransformed means and standard errors are presented. Kenward-Roger adjustment was used to calculate error degrees of freedom. Tukey's HSD post-hoc analysis (α = 0.05) was used for all mean separations.



RESULTS

Flood timing, cultivar, and insecticidal seed treatment influenced rice water weevil densities in all planting dates and years except cultivar and flood timing in the 2019 early-planted trial (Table 2). In the 2019 field experiments, insecticidal seed treatment reduced weevil densities by 83–84% across planting dates, cultivars, and flood timings (Figure 1A). Weevil densities were greater in plots planted with ‘Jupiter' than plots planted with ‘Cocodrie' or ‘Mermentau' in the late-planted trial only (Figure 1B). Weevil densities were reduced by ~72% in plots subjected to delayed flood compared to normal flood timing across insecticide treatments and cultivars in the late-planted trial (Figure 1C). Immature weevils captured in the second core sampling were greater than the first core sampling in the late-planted trial but no effects of core date were observed in the early-planted trial (Table 2; data not shown). In the 2020 field experiments, insecticidal seed treatment reduced weevil densities by 70–84% across planting dates, cultivars, and flood timings (Figure 1D). The rice cultivar ‘Jupiter' had greater weevil densities compared to other cultivars in both the early- and late-planted trials (Figure 1E). Delayed flood reduced weevil densities by 20% across insecticide treatments and cultivars in the late-planted trial but increased weevil densities by 16% in the early-planted trial (Figure 1F). Weevil counts on the second core sampling were higher compared to the first core sampling in the early-planted trial only (Table 2; data not shown).


Table 2. Results of repeated measures general linear mixed models (repeated-GLIMMIX) for rice water weevil densities in 2019 and 2020 field trials at Crowley, Louisiana.
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FIGURE 1. Mean (+SEM) number of immature rice water weevils per root-soil core as affected by (A,D) insecticidal seed treatment, (B,E) rice cultivar, and (C,F) flood timing main effects, Crowley, Louisiana, 2019–2020. Analyses were conducted separately by year and planting date. Bars accompanied by the same letter do not differ significantly (Tukey's HSD: α > 0.05).


No interactions were detected among cultivar, insecticide treatment, and flood timing in the 2019 and 2020 early-planted trials (Table 2; Figures 2A,C). There were significant insecticide treatment × flood interaction and marginally significant cultivar × insecticide treatment × flood interaction observed in the 2019 late-planted trial (Table 2). Weevil densities were greater in non-treated plots subjected to normal flood timing (Figure 2B). In the 2020 late-planted trial, cultivar × insecticide treatment × flood interaction was detected with the greatest weevil density observed on non-treated plots planted with ‘Jupiter' and subjected to normal flood timing (Figure 2D). Additional two- and three-way interactions involving core date were detected in some trials (Table 2; data not shown).
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FIGURE 2. Mean (+SEM) number of immature rice water weevils per root-soil core sample as affected cultivar × seed treatment × flood timing interactions, (A,B) 2019 early- and late-planted trials and (C,D) 2020 early- and late-planted trials, Crowley, Louisiana. Analyses were conducted separately by year and planting date.


All stemborer larvae recovered from rice plants showing whitehead symptoms were determined to be Mexican rice borer. Insecticidal seed treatment influenced whitehead density in all trials (Table 3). Whitehead density was influenced by flood timing in the 2019 trials, but not in the 2020 trials. Cultivar influenced whitehead density in all trials except the 2019 early-planted trial (Table 3). In the 2019 field experiments, insecticidal seed treatment reduced whitehead density by 91–93% across planting dates, flood timings, and cultivars (Figure 3A). Whitehead densities were less in plots planted with ‘Jazzman-2' relative to other cultivars in the late-planted trial, but no differences were observed among cultivars in the early-planted trial (Figure 3B). Reductions of 79 and 93% in whitehead densities in early- and late-planted trials, respectively, were observed in plots subjected to delayed flood compared to normal flood timing across treatments and cultivars (Figure 3C). In the 2020 field experiments, seed treatment reduced whitehead density by 87–94% across planting dates, cultivars, and flood timings (Figure 3D). The rice cultivar ‘Jazzman-2' had reduced whiteheads relative to other cultivars in both early- and late-planted trials (Figure 3E). Flood timing did not affect whitehead density in either the early- or late-planted trials (Figure 3F).


Table 3. Results of general linear mixed models (GLIMMIX) for stemborer injury (whitehead densities) in 2019 and 2020 field trials at Crowley, Louisiana.
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FIGURE 3. Mean (+SEM) whitehead (blanked panicles) densities as affected by (A,D) insecticidal seed treatment, (B,E) rice cultivar, and (C,F) flood timing main effects, Crowley, Louisiana, 2019–2020. Analyses were conducted separately by year and planting date. Bars accompanied by the same letter do not differ significantly (Tukey's HSD: α > 0.05).


There were significant cultivar × insecticide treatment and flood × insecticide treatment interactions for whiteheads in the 2019 early-planted trial (Table 3). Whitehead densities differed between treated and non-treated plots for all cultivars except ‘Jazzman-2' (Figure 4A). Non-treated plots subjected to normal flood timing had greater whitehead densities than non-treated plots subjected to delayed flood, but the same effect of flood timing was not observed for insecticide-treated plots (Figure 4A). Moreover, there was a significant cultivar × insecticide treatment × flood interaction in the 2019 late-planted trial with the greatest whitehead densities observed on non-treated ‘Cocodrie', ‘Mermentau', and ‘Jupiter' subjected to normal flood timing (Figure 4B). In the 2020 late-planted trial, a significant cultivar × insecticide treatment × flood interaction was detected with greater whitehead densities on non-treated ‘Jupiter' and ‘Mermentau' subjected to normal flood timing and non-treated ‘Cocodrie' subjected to delayed flood timing (Figure 4D). There were no interactions among cultivar, insecticide treatment, and flood timing in the 2020 early-planted trial (Figure 4C).
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FIGURE 4. Mean (+SEM) whitehead (blanked panicles) densities as affected by cultivar × seed treatment × flood timing interactions, (A,B) 2019 early- and late-planted trials and (C,D) 2020 early- and late-planted trials, Crowley, Louisiana. Analyses were conducted separately by year and planting date.


Yield losses due to combined infestations of rice water weevil and Mexican rice borer ranged from 14 to 49% and were influenced by cultivar in all planting dates and years except in the 2020 early-planted trial. Flood timing influenced yield loss in the 2020 late-planted trial only. Flood timing × cultivar interactions were not detected in any trial (Table 4). In the 2019 field experiments, yield losses among cultivars across flood timings were 24–49% in the early-planted trial and 14–35% in the late-planted trial. In the early-planted trial, ‘Cocodrie' had greater yield loss compared to other cultivars (Figure 5A), whereas in the late-planted trial, yield loss was greater in ‘Jupiter' compared to ‘Mermentau' (Figure 5C). Although yield losses were reduced by 22 and 42% on plots subjected to delayed flood compared to normal flood timing in the early- and late-planted trials, respectively, the differences were only marginally significant in the late-planted trial (Figures 5B,D). In the 2020 field experiments, yield losses among cultivars were 22–28% in the early-planted trial and 22–34% in the late-planted trial. Yield loss was greater in 'Jupiter' compared to ‘Mermentau' in the late-planted trial (Figure 5G) but no differences were observed among cultivars in the early-planted trial (Figure 5E). Application of delayed flood significantly reduced yield loss by 38% compared to normal flood timing in the late-planted trial (Figure 5H). Despite the 36% reduction in yield loss in the delayed flooded plots relative to normal flooded plots in the early-planted trial, this reduction is not statistically significant (Figure 5F).


Table 4. Results of general linear mixed models (GLIMMIX) for yield loss in 2019 and 2020 field trials at Crowley, Louisiana.
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FIGURE 5. Mean (+SEM) yield loss as affected by (A,C,E,G) rice cultivar and (B,D,F,H) flood timing main effects, Crowley, Louisiana, 2019–2020. Analyses were conducted separately by year and planting date. Bars accompanied by the same letter do not differ significantly (Tukey's HSD α > 0.05).




DISCUSSION

This study examines alternative tactics to insecticidal seed treatments for managing infestations of rice water weevils and stemborers. The results from the experiments presented here demonstrate that rice cultivars vary in their susceptibility to infestations by rice water weevil and Mexican rice borer, and delaying flood application by only 2 weeks can reduce infestations and impact of these insect pests. Although delayed flood, rice cultivar, and insecticides have all been shown to affect rice water weevil impact individually, this is the first study to examine the interactions among these tactics. Further, this is the first study to examine the effect of flood timing on stemborer infestations and yield loss. No substantial antagonism was found among the tactics evaluated in this study. The significant interactions observed in this study arose from the persistent effect of the chlorantraniliprole seed treatment on weevil larvae and stemborer injury rather than the incompatibility of tactics.

Water management practices have a strong influence on the interaction between rice plants and the rice water weevil (Hesler et al., 1992; Rice et al., 1999; Tindall et al., 2013; Lanka et al., 2015). In particular, the presence of flood triggers the oviposition of adult rice water weevils in rice plants (Stout et al., 2002b). In this study, we found that delaying the application of permanent flood by 2 weeks reduced weevil densities in late-planted trials in both years. These results are consistent with a previous study that reported reductions in rice water weevil densities under a delayed flood system (2–4 weeks later than normal flood timing) (Rice et al., 1999). The field experiments conducted by Rice et al. (1999) were all established late in the planting season. We did not observe any differences in weevil densities between flood timings in the 2019 early-planted trial, whereas, in the 2020 early-planted trial, weevil densities were greater in the delayed flooded plots. Results observed from our early-planted trials were similar to results of studies conducted by Zou et al. (2004c) and Adams et al. (2015) that reported higher weevil densities on delayed flooded plots compared to normal flooded plots, while Stout et al. (2001) observed generally low weevil densities in delayed flooded relative to normal flooded plots but the differences were not statistically significant. The three studies mentioned conducted their field experiments earlier in the planting season relative to trials of Rice et al. (1999) and the late-planted trials reported herein.

The differences in the effects of delayed flood application on rice water weevil densities across planting dates may be explained, in part, by the biology and behavior of the rice water weevil and the susceptibility of rice plant age to weevils. Prior studies reported the emergence of rice water weevil from overwintering begins in late March with peak emergence occurring during April and May (Shang et al., 2004; Zou et al., 2004b). Rice water weevil may go through several generations if rice plants are continuously available in the fields. Although weevils can infest rice plants from the early vegetative to reproductive developmental stages, weevils express a clear preference for plants in the early-tillering stage of development (Stout et al., 2013). Plant phenology was not recorded in this study, but it can be assumed that the differences between flood timings would be greater in late-planted rice when growth is occurring more rapidly. Rice growth and development is affected by the amount of growing degree days (GDD), which is the daily accumulation of heat units during the crop's development, thus later-planted rice which receives more growing degree days in the early stages of development matures rapidly relative to early-planted rice (Cerioli et al., 2021). In this study, the application of delayed flood in late-planted rice allowed plants to receive more growing degree days before weevils start infesting the fields. When core sampling was conducted on delayed-flooded plots in the late-planted trials, most of the rice plants were at the boot to panicle emergence developmental stages. This indicates that the rice plants may have been at the late-tillering stage when permanent flood was established, a plant developmental stage less preferred by weevils (Stout et al., 2013). Alternatively, the reduction on weevil densities in delayed-flooded plots may have been due to the decrease in adult weevil populations in the rice fields. Shang et al. (2004) reported that rice water weevils return to overwintering sites starting late June until October. Weevil populations may be declining by July when the delayed-flooded application occurred in the late-planted trials as adults move to overwintering habitats. In contrast to the late-planted trials, we observed an increase in weevil densities on delayed-flooded plots in the 2020 early-planted trial. The result from this trial may be due to the presence of high adult weevil populations in the field because the permanent flood in the early-planted trials was applied during the peak emergence of the rice water weevil. Regardless of whether it resulted from differences in plant phenology or weevil dynamics, the greatest difference between flood timings was observed in the 2019 late-planted trial, which had our latest flooding date. This suggests the effect is maximized the later into the growing season.

The historically sporadic nature of stemborer infestations in Louisiana has made it challenging to study this pest complex under field conditions. However, due to the increasing prevalence of Mexican rice borer populations, this insect pest can be reliably studied. To our knowledge, this is the first study to document the effects of flood timing on stemborer infestations in general and Mexican rice borer in particular. Our results showed significant reductions in stemborer injury in delayed flooded plots in both early- and late-planted trials in 2019 but no differences in flood timings were observed in the 2020 trials. The effect of water management on stemborer infestation in rice is not well-studied. Nonetheless, two studies have reported reductions in stemborer and leaf folders infestations in rice under an alternate wetting and drying (AWD) water management regime (Chapagain et al., 2011; Hasan et al., 2016). Since flood timing only affected stemborer injury in the first year of this study, further investigation should be conducted.

Results from this study also showed substantial variation in susceptibility among rice cultivars to the Mexican rice borer. Low levels of whitehead densities (stemborer injury) were observed in ‘Jazzman-2' in this study, which is consistent with a recent study that reported this cultivar as moderately resistant to stemborers (Villegas et al., 2021a). Similarly, some variation in susceptibility to rice water weevil was observed among cultivars in this study. The high rice water weevil infestations in rice cultivar ‘Jupiter' reported herein is consistent with previous studies, and the cultivar is now used as a susceptible standard in cultivar resistance evaluations (Stout et al., 2001; Saad et al., 2018; Villegas et al., 2021a; Wilson et al., 2021a). Densities of immature weevils remained somewhat similar across years and planting dates, whereas stemborer injury was observed to be higher in late-planted trials. Wilson et al. (2021a) reported that the increase in yield loss due to stemborers in late- compared to early-planted rice may be attributed to the increase in stemborer infestation later in the planting season. The impact of planting dates, especially on stemborer infestations, needs to be further evaluated in replicated studies with several planting dates and multiple years.

Yield losses due to combined infestations of rice water weevil and Mexican rice borer in this study were generally lower in delayed flooded plots compared to normal flooded plots, but the differences were only significant in the 2020 late-planted trial. Previous studies reported a similar trend in which yield losses due to rice water weevils were reduced in delayed flooded plots (Stout et al., 2001; Zou et al., 2004c). Delaying flood application delays rice water weevil infestations until rice plants are older, which may enhance rice tolerance to this pest. Prior studies have documented that older rice plants can better tolerate injury by rice water weevil larval feeding compared to younger rice plants, and thus are less susceptible to yield losses due to weevil injury (Wu and Wilson, 1997; Stout et al., 2002a). One of the possible reasons is that older plants have highly developed root systems, and are able to quickly recover from weevil injury. Villegas et al. (2021b) proposed that rice plants that are more tolerant to weevil injury have vigorous root systems (particularly in the case of hybrid cultivars). Moreover, N'guessan et al. (1994a,b) reported that rice plants that have increased root regrowth after heavy weevil infestations are also less susceptible to yield losses. Rice cultivars also vary in their level of tolerance to insect pests. In this study, we found that the rice cultivar ‘Mermentau' had the lowest yield loss in the late-planted trials despite having intermediate stemborer injury and weevil infestations relative to other cultivars. This result is consistent with prior studies that documented some rice cultivars expressing varying levels of tolerance to rice water weevil injury (N'guessan et al., 1994a,b; Stout et al., 2001; Villegas et al., 2021a,b). Unfortunately, we were not able to distinguish yield losses from weevils and Mexican rice borer because the seed treatment we used in the study was effective in controlling both pests. Several studies have reported yield losses of 0.3–4.1% per weevil larvae per core (Stout et al., 2002a; Zou et al., 2004a; Adams et al., 2016; Villegas et al., 2021a,b; Wilson et al., 2021a). A recent study also reported a loss of 1.7% in yields per whitehead per m2 due to Mexican rice borer feeding (Wilson et al., 2021a).

The control of rice water weevil and stemborers can be best achieved by using insecticides but our results also indicate that these insect pests can be partly managed through the cultural practice of delaying flooding and the use of tolerant/resistant rice cultivars. Delaying permanent flood application until rice plants are older can be an effective strategy to reduce weevil larvae infesting rice when fields are planted later in the season. Delayed flood application can potentially reduce stemborer injury, but further experiments should be conducted to elucidate the factors that may contribute to this effect. This study, in addition to previous studies (Rice et al., 1999; Stout et al., 2001; Zou et al., 2004c), has shown reductions in yield losses in delayed flooded fields, thus providing a strong rationale for the cultural practice of delayed flooding. Water management may impact weed and disease control, thus effects of delayed flooding on other pest management should be explored. Results from this study also indicate that plant resistance to Mexican rice borer may be a useful strategy as this pest continues to establish its population in Louisiana rice. Furthermore, this study has shown that some rice cultivars may be able to tolerate infestations by both pests. Overall, delaying flood and host plant resistance are suitable alternative management approaches especially in situations where insecticide use is not desirable (i.e., proximity to crawfish production and organic rice production systems).
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