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Abstract

:

Southern stem rot (SSR) is caused by Athelia rolfsii and is an economically important disease of peanut (Arachis hypogaea L.). Application of protectant fungicides is an effective management component for reducing levels of this soil-borne disease. The majority of peanut hectarage in South Carolina and Mississippi is rainfed. Timely precipitation has the potential to aid the movement of foliar-applied fungicides through the canopy and into contact with soil interfaces where SSR infections occur. Questions have arisen as to the quantitative relationship of post-application precipitation and fungicide-active ingredient efficacy in managing SSR and protecting associated pod yield potentials. To examine this, fungicide efficacy experiments were screened for inclusion in a meta-analysis, from which eleven experiments conducted from 2015 to 2023 were selected and paired with environmental data from nearby weather stations. Precipitation during the two days following fungicide application was associated with significant reduction in SSR incidence (logit rate of −0.0039/mm) and increased pod yield (log slope of 0.0028/mm). Active ingredient interactions with precipitation among pod yield but not SSR incidence data were present for benzovindiflupyr plus azoxystrobin, flutolanil, and tebuconazole. Fungicides with the greatest levels of control per application at maximum label rates were inpyrfluxam (18.8%), benzovindiflupyr plus azoxystrobin (15.4%), flutolanil (12.3%), and prothioconazole plus tebuconazole (10.5%). Micronized sulfur neither contributed to SSR control nor pod yield increase. Tebuconazole was associated with the greatest % SSR control per fungicide product cost (0.47%/$/ha/application) but was also the treatment with the least amount of control (3.5%) at its maximum label rate. Maximum label rates of benzovindiflupyr plus azoxystrobin (USD 637) and inpyrfluxam (USD 548) were estimated as conferring the greatest returns over the chlorothalonil-only control. Results serve as a helpful reference for farmers and practitioners in selecting fungicide management options and targeting application times, as feasible, to utilize natural precipitation to improve management outcomes.






Keywords:


Athelia rolfsii; broadcast; groundnut; profitability; Sclerotium rolfsii; southern blight; white mold












1. Introduction


Southern stem rot (SSR), caused by Athelia rolfsii (Curzi) C.C Tu and Kimbr (syn. Sclerotium rolfsii Sacc.), is an economically important disease of peanut found in practically all areas of the world where peanut is commercially grown [1,2,3]. Symptoms of SSR include chlorosis and necrosis of laterals and foliage, light to dark brown lesions on pegs and portions of branches in contact with soil, and rotted pods [1,2,3]. Infections of SSR are often accompanied by white mycelia and white, tan, or dark brown sclerotia near the soil line [2]. Yield loss due to this disease is generally <25%, but has been reported to range from less than 10% to near 40% [2,3,4,5]. Plant species capable of serving as a host for A. rolfsii infection exceed 200 to 500 spp. [2,6]. Current recommendations for management of SSR include the integration of factors such as crop rotation to non-hosts, planting cultivars with resistance where available, planting during field and environmental conditions favorable to rapid plant growth, and the timely application of effective preventative fungicides [2,3,7]. Previous research has reported that fungicide application efficacy could be improved by spraying active ingredients at night when peanut tetrafoliate leaves are folded [8,9]. While effective on a mechanistic level in aiding fungicide penetration through the canopy and subsequent deposition proximal to SSR infection sites at the plant–soil interface, spraying during the night poses a logistical burden on the applicator and displaces time typically allocated for sleeping.



While irrigation, where available, can analogously be used to facilitate fungicide movement through the canopy [3,7,10], peanut production in South Carolina (SC) and Mississippi (MS) is predominantly rainfed (~80% planted hectares). As opportunities allow, timing fungicide applications to precede rain can similarly improve their efficacy in managing soil-borne diseases [7], although whole-farm operation logistics and rainfall variability limit the practical capacity for every application to capitalize upon rain-assisted movement through the canopy. Whereas general effects of irrigation or precipitation on SSR development have been variable across individual years and locations [11,12,13], the contribution of irrigation to SSR management on inoculated pods has been reported to decrease as the length of time until irrigation increased [10]. Not surprisingly, an inverse relationship was reported between irrigation timing and leaf spot management [10], whereas pod yield was not examined. These studies provide helpful context, but questions continue to be raised regarding the relationships between precipitation under dryland production environments, SSR management efficacy of further active ingredients, and the preservation of pod yield.



Inpyrfluxam is a recently registered active ingredient that has been labeled for use in managing SSR of peanut as of 2020 [14]. Available data is limited comparing the efficacy of inpyrfluxam to other available fungicide active ingredients. With regard to managing late leaf spot on peanut caused by Nothopassalora personata, Culbreath et al. [15] reported a synergistic effect of demethylation inhibitor (DMI) or quinone outside inhibitor (QoI) fungicides co-applied with micronized sulfur [16]. However, published reports on the potential efficacy of micronized sulfur co-application with fungicide active ingredients for management of SSR are lacking. The objectives of this work were to compare efficacy of several fungicide active ingredients across field experiments conducted in SC and MS, quantify influence of temporally proximal rainfall on efficacy of applications, and assess co-application of fungicides with micronized sulfur on SSR management and subsequent pod yield.




2. Materials and Methods


2.1. Dataset


Fungicide efficacy experiments conducted from 2015 to 2023 were examined for meeting criteria for inclusion in a meta-analysis. To be selected for inclusion, experiments needed to report fungicide application dates and rates, include a minimum of two fungicide programs per experiment, report SSR incidence and pod yield data, exhibit average SSR incidence ≥ 10% among plots not treated with fungicides active against SSR (e.g., chlorothalonil-only), and be reasonably free from confounding factors (e.g., excessive insect feeding and non-target diseases). Morphological identification of A. rolfsii and SSR symptoms [1,2,3] was considered adequate without requiring molecular confirmation. Active ingredients represented in less than three experiments were excluded from the analysis to buffer against potentially erroneous results arising from reduced treatment population across data. Following screening, a total of eleven experiments were selected. Experiments were conducted at the Edisto Research and Education Center of Clemson University at Blackville, SC (n = 9) or at the Delta Research and Extension Center of Mississippi State University at Stoneville, MS (n = 2). Soil type was a Barnwell loamy sand (fine loamy, kaolinitic, thermic Typic Kanhapludults) in Blackville, SC, and a Bosket very fine sandy loam (fine loamy, mixed, active, thermic Mollic Hapludalfs) in Stoneville, MS. The preceding crop for all but two experiments was peanut, in which case the preceding crop was cotton. Management practices other than fungicide application and crop rotation were based on Extension recommendations [7]. Irrigation was not applied to screened experiments within the ten days following fungicide application. Cultivars within experiments included ‘Emery’ (n = 1), ‘FloRun 107’ (n = 1), ‘Georgia-06G’ (n = 10), ‘Georgia-13M’ (n = 1), ‘Sugg’ (n = 1), ‘TUFRunner 727’ (n = 1), ‘Sullivan’ (n = 1), and ‘Wynne’ (n = 1). Experimental design was a randomized complete block with at least four replications. Plot size slightly varied among experiments, but was typically 3.8 × 12.2 m. Represented active ingredients from selected experiments are listed in Table 1.



Daily precipitation (mm) data were collected from nearby weather stations (≤3 km from experiment sites) at the Edisto Research and Education Center and the Delta Research and Extension Center. Precipitation totals from one to seven days following fungicide application were examined for use in modeling and subsequently reduced to one or two days following fungicide application by way of Akaike’s Information Criterion (AIC) minimization. Precipitation occurring on the day of fungicide application was excluded from final analysis due to the lack of improvement of model fits and the inability of the resolution of daily weather data to distinguish between rainfall occurring before or after fungicides were applied. Variable (dynamic) weighting of the contribution of rainfall from the first versus the second day following fungicide application was examined but not further described due to the lack of improvement of model fits. To explore a potential time-of-season-dependent (i.e., as a proxy for increasing canopy size, which was not measured) contribution of precipitation in affecting SSR incidence management or pod yield production, evaluation of precipitation effects was conducted over the total range of application dates and selected subsets thereof (e.g., ≥75 days after planting [DAP]) (Figure 1 and Figure 2).




2.2. Data Analysis


Analysis of the raw data was conducted according to a one-stage meta-analysis [17,18,19]. Data were analyzed according to Equation (1):


Yrnxv = (Brn + Frn + Irn + Prn + Trn + Mrn + Intercept) × (1 + dd_mmn) + Cr + CvvEx + Vrnxv,



(1)




where Y was the response (proportion SSR incidence or pod yield (kg/ha)) of cultivar v within experiment x treated with fungicide active ingredients applied at rate r and n no. of applications, Brn = benzovindiflupyr plus azoxystrobin application rate r × n no. of applications, Frn = flutolanil application rate r × n no. of applications, Irn = inpyrfluxam application rate r × n no. of applications, Prn = prothioconazole application rate r × n no. of applications, Trn = tebuconazole application rate r × n no. of applications, Mrn = micronized sulfur application rate r × n no. of applications, dd_mmn is mm of accumulated precipitation during the one or two subsequent days following respective n fungicide active ingredient applications (interaction term) or total accumulated precipitation during the one or two subsequent days following all fungicide applications in a given treatment experiment (represented as dd_mmn × Intercept, which allowed estimation of its simple-effect slope), Cr = chlorothalonil application rate r (simplified from Crn due to the latter term’s lack of improved fit), CvvEx is the random effect of cultivar v within experiment x, and Vrnxv is the residual variance with dispersion parameter (φ) corresponding to the distribution of the response variable. Incidence of SSR was modeled according to a beta distribution (V = μ(1 − μ)/(φ + 1)) with a logit link, and pod yield was modeled according to a Tweedie distribution (V = φμPower where Power was 1) with a log link. Model fitting was conducted within the glmmTMB procedure [20] in R 4.2.3 [21] using maximum likelihood. Selection of the best fitting models was determined according to AIC minimization. Reliability of Equation (1) in predicting observed values was assessed with the concordance correlation coefficient (CCC) [22]. Estimated confidence intervals were calculated from parameter likelihood profiles at the 95% level.





3. Results and Discussion


3.1. Southern Stem Rot


Incidence of SSR varied among treatment experiments, ranging from 0.7% to 92.4%. The majority (69%) of treatment-experiments exhibited <20% incidence (Figure 3A). Mean pod SSR incidence among chlorothalonil-only treated plots was 38%. This was approximately 30% less than that reported by Woodward et al. [10] for manually inoculated pods from microplots treated with chlorothalonil only (~68%). The best fitting model describing the relationship of SSR incidence among fungicide treatments included precipitation over the two days following fungicide application as an independent variable and excluded its interaction with fungicide active ingredients (Table 2, Figure 4A). Reliability of the model in predicting observed SSR incidence was 88.2%, which was similar to that of competing models. The fit of the model to the data was not improved when precipitation amounts under consideration were restricted to latter portions of the growing season (only after 60, 75, or 90 DAP) compared to the total range of fungicide application timings (Table 3). While canopy sizes were not explicitly measured in these experiments, this result supports the effect of precipitation in contributing to SSR management having been consistent over the course of the examined growing seasons, within which canopy size increased as the peanut crop grew. Previous research reported a lack of contribution of precipitation to the presence of A. rolfsii hyphal [13], which supports the estimated (negative) effect of precipitation in the current work as being related to overall fungicide efficacy (i.e., improved control) rather than affecting disease progression through inhibiting growth of the fungus itself. Supporting this, total precipitation from the day of (any) fungicide application through to seven days following application did not affect SSR incidence (p = 0.978). In contrast, Bowen [12] reported higher SSR incidence in irrigated compared to rainfed plots in experiments from two out of three years, and Davis [11] reported greater SSR incidence in one of two years. Both studies reported a tendency toward non-significant differences between irrigated and rainfed plots when soil moisture during the year was more frequently at saturated levels. Saturated soil conditions were not predominant among screened experiments in the present work.



Estimated slopes of the response of (logit) SSR incidence for single applications of fungicide active ingredients are listed in Table 4. With the exception of chlorothalonil and micronized sulfur (p > 0.25), all fungicide active ingredient slopes were significant (p < 0.035). Micronized sulfur has previously been reported to improve the efficacy of DMI or QoI fungicide-active ingredients for management of late leaf spot (Nothopassalora personata) in peanut [15,16]. This is, to our knowledge, the first report documenting the lack of a contribution of micronized sulfur in managing SSR in field experiments. The active ingredient with the greatest per unit (kg/ha) decrease in SSR logit incidence was inpyrfluxam (−7.95) followed by benzovindiflupyr plus azoxystrobin (−6.75) (Table 5). Maximum label rate applications of corresponding fungicides (Excalia and Elatus, respectively) translate to 18.8% SSR control (95% CI: 14.2 to 23.0%) for inpyrfluxam and 15.4% SSR control (95% CI: 11.3 to 19.4%) for benzovindiflupyr plus azoxystrobin. Application of flutolanil (Convoy) at the maximum label rate was associated with the next greatest level of control at 12.3% (95% CI: 7.1 to 17.3%). Control associated with prothioconazole alone exhibited the largest variability (95% CI: 0.9 to 14.1%), control with which (7.3%) was less than a maximum label rate application of inpyrfluxam. In practice, prothioconazole is typically co-applied with tebuconazole (commercially labeled as Provost Silver). The estimated % SSR control of the maximum label rate of such a mixture was not significantly different from that of the active ingredients exhibiting the greatest levels of SSR control (inpyrfluxam, benzovindiflupyr plus azoxystrobin, and flutolanil) (Figure 5). When compared on a % SSR control per fungicide product cost (USD/ha/application) basis, the active ingredient with the greatest control efficiency was tebuconazole (0.47%/USD/ha/application, Table 5). Control efficiencies for benzovindiflupyr plus azoxystrobin and inpyrfluxam were essentially the same, followed by prothioconazole plus tebuconazole, flutolanil, and prothioconazole alone.



Rainfall during the two days following the application of fungicide was estimated to improve SSR control at the rate of 0.1%/mm (logit rate of −0.0039/mm for proportion SSR incidence), which corresponds to 1% per 10 mm rain. The amount reported by Woodward et al. [10] for 10 mm precipitation 48 h after fungicide application was a slightly higher reduction of 2.4% from an upper plateau when rainfall was estimated to no longer contribute to SSR control. When this amount was normalized for the amount of SSR incidence observed in the respective studies’ chlorothalonil-only treated plants (~68% in microplots reported by Woodward et al. [10] compared to ~38% in the present dataset from field experiments), the result (1.4% control per 10 mm precipitation) was similar to that estimated in the present analysis (95% CI: 0 to 1.9% control per 10 mm (0.4”) precipitation). It would be interesting to examine additional datasets from dryland field experiments where a greater abundance and frequency of rainfall within one day following fungicide applications was present. The frequency of fungicide application timings across all application dates (30 to 120 DAP, n = 132 application dates) from screened experiments accompanied by subsequent precipitation was low overall (18.2 and 28.0% of applications were followed by >0.3 mm precipitation in the one or two days following their application, respectively). Frequency of recorded precipitation increased (19.7 and 33.3% for one and two days following application, respectively) when considering the range of application dates when most fungicides were applied (70.8 and 85.7% of all fungicide applications were made between 60 to 90 and 60 to 105 DAP, respectively). Nevertheless, the results from the current study provide helpful context on the effects of rainfall under a slightly wider time window (two days compared to one), which provides greater flexibility for farmers to consider when planning fungicide applications and examining non-omniscient weather forecasts. The amount of SSR control corresponding to 10 to 15 mm (0.4 to 0.6”) rain within two days following fungicide application (1 to 1.5% control) was less than an application of tebuconazole (3.5% control). If field history or environmental conditions [1,7,13] are favorable for the development of SSR, applying efficacious fungicides as close to a rainfall event as possible can help to improve the amount of SSR control available from a given application. Where available, irrigation may likewise be used to facilitate fungicide being washed down from the canopy and into the soil [10]. The distribution of rainfall over an area of space is notoriously variable [23,24,25,26]. As such, specific areas of larger fields can receive differing amounts of precipitation from the same rain event. This compounds with the spatially variable nature of A. rolfsii [27] to add complexity to the actual amount of benefit an individual field would receive from a fungicide application preceding a given rain. Thus, while weather stations were nearby to experiment sites in the present study, it is possible that actual quantities and timings could have varied compared to those utilized for analysis. Further experimentation could remediate this potential source of error via installation of weather stations immediately adjacent to field sites. Nevertheless, the information as utilized in the present study remains useful for commercial production settings where spatial forecasts of precipitation continue to exhibit variation.




3.2. Pod Yield


Pod yield varied across experiments, ranging from 1000 to 7000 kg/ha (Figure 3B). This range was not unexpected given the different fungicide treatment schedules (Figure 2B) and varying field crop rotations and environmental conditions. Drought conditions occurred in SC in 2019, and it was during that year when overall pod yield levels were lowest (Figure 3B). Nevertheless, the presence of a variety of field conditions was beneficial in the sense that it allowed for the examination of relative pod yield responses over a range of environments. In line with the results from the SSR incidence modeling, mm of precipitation occurring over the two days following fungicide application was included in the best fitting model describing pod yield response (Table 2, Figure 4B). The reliability of this model in predicting observed pod yield was 0.900, which was slightly greater than that of the best fitting model for SSR incidence (0.882). Restriction of fungicide application timings over which precipitation effects were considered did not improve the fit of the model but rather resulted in slightly less descriptive models (Table 3). This is in line with how water is needed for healthy development of peanut throughout the growing season, whereas pod fill in particular is a critical period when peanut is susceptible to water deficit stress [7,28].



In contrast to the results of the SSR incidence model, the best fitting model for pod yield included interaction terms for precipitation and active ingredients (Table 4). Interaction slopes were significant and negative for flutolanil, tebuconazole, and benzovindiflupyr plus azoxystrobin (i.e., lessening precipitation’s contribution to pod yield in an active ingredient-dependent manner). Further work would be needed to empirically differentiate between negative interaction slopes mechanistically corresponding to a possible increased fungicide leaching or soil-mobility effect (which could reduce a fungicide’s capacity to preserve pod yield quantities through decreased disease management efficacy) or a model-centric yield adjustment (i.e., improving statistical fit of the model to predict varying pod yield data). Results from the SSR modeling (Table 4) were not in support of the first possibility, as slope coefficients corresponding to reduced fungicide efficacy in the presence of increasing precipitation were not present among final candidate models; rather, the precipitation slope estimated from the data indicated an overall increase in management efficacy. In alignment with the SSR incidence model, total precipitation from day-zero through seven days following fungicide application neither affected pod yield levels (p = 0.251) nor negated the significance of model precipitation slopes or interactions as reported in Table 4. Rates of pod yield decrease resulting from estimated interaction slopes, while statistically significant, were modest overall. Translating log-scale slope effects to the data scale, pod yield adjustments following 20 mm (0.8”) precipitation in the two days following fungicide application (6% of recorded fungicide applications among screened experiments) were estimated to reduce the pod yield increase estimated from precipitation by ~100 (flutolanil or tebuconazole) to 160 kg/ha (benzovindiflupyr plus azoxystrobin). Pod yield increase due to 20 mm precipitation would otherwise have been estimated at ~170 to 200 kg/ha for a comparable magnitude of pod yield (i.e., in the absence of the precipitation–active ingredient interaction term). Thus, on a practical level, interaction terms for precipitation reduced the estimated contribution precipitation conferred to pod yield production to 42, 84, and 85 kg/ha for benzovindiflupyr plus azoxystrobin, flutolanil, and tebuconazole, respectively.



At intermediate label rates, there was considerable overlap in estimated pod yield increases above a chlorothalonil-only control across fungicide active ingredients (Figure 5B). When considering maximum label rates, the fungicides conferring the greatest pod yield increases (95% CI inclusive of >1100 kg/ha) were benzovindiflupyr plus azoxystrobin (95% CI: 1089 to 1401 kg/ha increase) and inpyrfluxam (95% CI: 920 to 1307 kg/ha increase), followed by flutolanil (95% CI: 764 to 1062 kg/ha increase), prothioconazole plus tebuconazole (95% CI: 761 to 918 kg/ha increase), and tebuconazole (95% CI: 768 to 938 kg/ha increase). Economic return above the chlorothalonil-only control for maximum label rates were estimated to be greatest among benzovindiflupyr plus azoxystrobin, inpyrfluxam, tebuconazole, and flutolanil (USD 637, USD 548, USD 474, and USD 442, respectively) (Table 5). One of the screening criteria used to select experiments for inclusion in the present analysis, which was focused on SSR, was each experiment being reasonably free from confounding factors. This included diseases such as late leaf spot, for which some of the fungicide active ingredients examined in this study contribute management efficacy. As a consequence, while the utilization of this screening factor contributed to a focused dataset in line with the immediate scope at hand, it does not reflect pod yield preservation properties of fungicides that possess efficacy against such diseases (e.g., prothioconazole plus tebuconazole and benzovindiflupyr plus azoxystrobin) [7,14,29]. Interpretation of potential fungicide economic returns as directly translating to future applications should likewise take into account the prevalence and severity of individual diseases, cultivar susceptibilities, field histories, product costs, and environmental conditions in a given crop year. These factors undoubtedly vary and interact to affect the profitability of individual fungicide applications in the presence of final disease levels and pod yield potentials [7,30].



The analytical framework described and utilized in the present work decomposed treatments into no. of applications and rates of active ingredients. This allowed SSR incidence and pod yield responses to be modeled over a range of otherwise diverse treatment combinations that varied both in active ingredient composition and individual application rates. While this likewise facilitated precipitation effects to be examined over a greater total number of application dates and environments under field conditions, this approach is consequently generalizable to other systems where program treatment structure varies across individual experiments. Furthermore, the non-treatment-isolating nature of the present framework allowed for effects to be examined under a variety of treatment application schedules. As a result, this has practical value in the sense that relative effects are more readily translatable to commercial situations where it is not uncommon for fungicide active ingredients to vary across applications, rather than (only) applying individual active ingredients without alternation. Alternation of fungicide-active ingredients is a recommended practice to buffer against possible development or spread of populations resistant to fungicide-active ingredients [7,14,29,31,32]. Results from this work can serve as a helpful reference for farmers and practitioners in selecting fungicide active ingredients and provide context for benefits of rainfall in improving SSR management outcomes.
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Figure 1. Boxplots of total precipitation from the (A) one or (B) two days following individual fungicide applications at different timings from experiments conducted from 2015 to 2023. 
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Figure 2. (A) Total precipitation from the two days following fungicide active ingredient applications across all application timings and (B) application timing of fungicide active ingredients within experiments conducted from 2015 to 2023. 






Figure 2. (A) Total precipitation from the two days following fungicide active ingredient applications across all application timings and (B) application timing of fungicide active ingredients within experiments conducted from 2015 to 2023.



[image: Agronomy 14 00893 g002]







[image: Agronomy 14 00893 g003] 





Figure 3. Distribution of (A) southern stem rot (SSR) incidence and (B) pod yield from experiments conducted from 2015 to 2023. The black line represents the overall distribution across years. 
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Figure 4. Observed versus predicted (A) southern stem rot (SSR) incidence and (B) pod yield from experiments conducted from 2015 to 2023. Shaded ribbons are 95% confidence intervals. Model reliability was calculated according to the concordance correlation coefficient and estimated to be 0.882 (SSR incidence) and 0.900 (pod yield). Dashed lines are lines of perfect agreement. 
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Figure 5. Estimated (A) proportion southern stem rot (SSR) control and (B) pod yield increase over a chlorothalonil-only control from experiments conducted from 2015 to 2023. Rates are in kg ai/ha for single applications, except for micronized sulfur which was scaled to 10s of kg ai/ha for presentation. Shaded ribbons are 95% confidence intervals. Horizontal dotted reference lines represent (A) zero SSR control (i.e., chlorothalonil-only treatment was not different from zero) and (B) the intercept from the pod yield model. 






Figure 5. Estimated (A) proportion southern stem rot (SSR) control and (B) pod yield increase over a chlorothalonil-only control from experiments conducted from 2015 to 2023. Rates are in kg ai/ha for single applications, except for micronized sulfur which was scaled to 10s of kg ai/ha for presentation. Shaded ribbons are 95% confidence intervals. Horizontal dotted reference lines represent (A) zero SSR control (i.e., chlorothalonil-only treatment was not different from zero) and (B) the intercept from the pod yield model.



[image: Agronomy 14 00893 g005]







 





Table 1. Active ingredient representation across experiments conducted from 2015 to 2023.
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	Active Ingredient
	Rate (kg ai/ha)
	Experiments
	Treatments
	Treatment-Experiments





	Chlorothalonil-only
	1.26
	10
	1
	10



	Benzovindiflupyr plus azoxystrobin
	0.08 to 0.1 plus 0.15 to 0.2
	9
	8
	12



	Flutolanil
	0.53 to 1.07
	9
	17
	27



	Inpyrfluxam
	0.05 to 0.1
	7
	20
	24



	Micronized sulfur 1
	4.48
	5
	9
	12



	Tebuconazole
	0.2 to 0.23
	10
	17
	22



	Prothioconazole
	0.11 to 0.2
	5
	8
	8







1 When present, micronized sulfur was always co-applied with another active ingredient.













 





Table 2. Comparison of southern stem rot (SSR) incidence and pod yield (kg/ha) models’ performance for precipitation accumulated over one or two days subsequent to fungicide application, with regard to all fungicide application dates.
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	Response
	Subsequent Days Considered
	dd_mmn × a.i. 1
	φ 2
	AIC 3
	CCC 4





	SSR incidence
	One
	Yes
	12.1
	−833.8
	0.885



	
	Two
	
	11.8
	−827.5
	0.882



	
	One
	No
	11.7
	−834.7
	0.882



	
	Two
	
	11.7
	−837.1
	0.882



	Pod yield
	One
	Yes
	88.4
	6505.9
	0.897



	
	Two
	
	88.4
	6493.9
	0.900



	
	One
	No
	96.3
	6517.0
	0.893



	
	Two
	
	96.3
	6513.0
	0.894







1 dd_mmn × a.i. = inclusion of precipitation × active ingredient interaction terms in the model. 2 Dispersion parameter of the beta (SSR incidence) or Tweedie (pod yield) distribution. 3 AIC = Akaike’s Information Criterion. 4 CCC = Concordance correlation coefficient.













 





Table 3. Comparison of southern stem rot (SSR) incidence and pod yield (kg/ha) models’ performance for precipitation accumulated over two days subsequent to fungicide application for varying fungicide application periods.
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	Response
	Precipitation Period Considered
	dd_mmn × a.i. 1
	φ 2
	AIC 3
	CCC 4





	SSR incidence
	All
	No
	11.7
	−837.1
	0.882



	
	≥60 days after planting
	
	11.7
	−838.8
	0.882



	
	≥75 days after planting
	
	11.7
	−838.9
	0.882



	
	≥90 days after planting
	
	11.7
	−837.1
	0.881



	Pod yield
	All
	Yes
	88.4
	6493.9
	0.900



	
	≥60 days after planting
	
	88.4
	6500.0
	0.899



	
	≥75 days after planting
	
	88.4
	6499.3
	0.899



	
	≥90 days after planting
	
	88.4
	6497.9
	0.900







1 dd_mmn × a.i. = inclusion of precipitation × active ingredient interaction terms in the model (i.e., selection based on model comparisons). 2 Dispersion parameter of the beta (SSR incidence) or Tweedie (pod yield) distribution. 3 AIC = Akaike’s Information Criterion. 4 CCC = Concordance correlation coefficient.













 





Table 4. Estimated parameters for models predicting southern stem rot (SSR) logit incidence or log pod yield (kg/ha) for experiments conducted from 2015 to 2023.
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SSR Incidence

	
Pod Yield (kg/ha)




	
Parameter 1

	
Estimate

	
95% CI 2

	
p

	
Estimate

	
95% CI

	
p






	
Intercept

	
−0.5560

	
−1.2776, 0.1596

	
0.117

	
7.9739

	
7.7444, 8.2023

	
<0.001




	
C

	
0.1847

	
−0.1325, 0.5030

	
0.254

	
−0.2061

	
−0.2965, −0.1184

	
<0.001




	
B

	
−6.7462

	
−8.6401, −4.8492

	
<0.001

	
1.9218

	
1.4424, 2.3896

	
<0.001




	
F

	
−0.4723

	
−0.6765, −0.2698

	
<0.001

	
0.0766

	
0.0319, 0.1204

	
0.003




	
I

	
−7.9504

	
−10.0211, −5.8846

	
<0.001

	
1.4272

	
0.8490, 2.0110

	
<0.001




	
M

	
−0.1371

	
−0.3854, 0.0969

	
0.263

	
0.0504

	
−0.0366, 0.1365

	
0.258




	
P

	
−1.4566

	
−2.8694, −0.1686

	
0.033

	
0.0295

	
−0.3636, 0.4164

	
0.883




	
T

	
−0.6383

	
−1.0792, −0.1986

	
0.004

	
0.2829

	
0.1599, 0.4087

	
<0.001




	
dd_mm

	
−0.0039

	
−0.0077, −0.0001

	
0.042

	
0.0028

	
0.0017, 0.0039

	
<0.001




	
B × dd_mm

	
--

	
--

	
--

	
−0.0245

	
−0.0361, −0.0128

	
<0.001




	
F × dd_mm

	
--

	
--

	
--

	
−0.0014

	
−0.0014, −0.0014

	
0.014




	
I × dd_mm

	
--

	
--

	
--

	
−0.0099

	
−0.0241, 0.0042

	
0.209




	
M × dd_mm

	
--

	
--

	
--

	
−0.0017

	
−0.0052, 0.0018

	
0.371




	
P × dd_mm

	
--

	
--

	
--

	
−0.0072

	
−0.0165, 0.0024

	
0.274




	
T × dd_mm

	
--

	
--

	
--

	
−0.0067

	
−0.0105, −0.0028

	
0.014




	
Cultivar × Year

	
0.7414

	
0.5311, 1.1043

	
--

	
0.2700

	
0.1970, 0.3975

	
--




	
φ

	
11.6978

	
10.1173, 13.4338

	
--

	
88.4159

	
87.1084, 89.5506

	
--








1 Active ingredient parameter estimates and confidence intervals are per unit rate (kg ai/ha, except for micronized sulfur, which was scaled to 10s of kg ai/ha for presentation) per no. of applications. Active ingredient parameters correspond to chlorothalonil, C, benzovindiflupyr plus azoxystrobin, B, flutolanil, F, inpyrfluxam, I, micronized sulfur, M, prothioconazole, P, and tebuconazole, T. Cultivar × Year random effects are estimated standard deviations, and φ is the dispersion parameter specified by the beta distribution (SSR incidence) (V = μ(1 − μ)/(φ + 1)) or Tweedie (pod yield) distribution (V = φμPower where Power was 1). 2 Confidence intervals generated from parameter likelihood profiles from the fitted model.













 





Table 5. Estimated per ha cost and return associated with fungicide active ingredient applications for management of southern stem rot (SSR) above a chlorothalonil-only control based on experiments conducted from 2015 to 2023.
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	Active Ingredient
	Rate (ai kg/ha)
	Cost (USD/ha/

Application)
	SSR Control/USD/ha/

Application
	Return (USD/ha) 1





	Chlorothalonil-only
	1.26
	USD 12.0
	−0.48%
	USD 0



	Benzovindiflupyr plus azoxystrobin
	0.07 plus 0.15
	USD 46.5
	0.26%
	USD 574



	
	0.08 plus 0.17
	USD 53.2
	0.26%
	USD 605



	
	0.09 plus 0.19
	USD 59.8
	0.26%
	USD 637



	Flutolanil
	0.53
	USD 36.0
	0.17%
	USD 409



	
	0.80
	USD 54.0
	0.17%
	USD 425



	
	1.06
	USD 72.0
	0.17%
	USD 442



	Inpyrfluxam
	0.05
	USD 37.1
	0.26%
	USD 459



	
	0.07
	USD 55.6
	0.26%
	USD 502



	
	0.10
	USD 74.1
	0.26%
	USD 548



	Micronized sulfur
	4.48
	USD 23.5
	0.07%
	USD 355



	Prothioconazole
	0.20
	USD 67.4
	0.11%
	USD 320



	Tebuconazole
	0.22
	USD 7.4
	0.47%
	USD 474



	Prothioconazole plus tebuconazole
	0.20 plus 0.20
	USD 48.9
	0.21%
	USD 425







1 Returns were calculated using a peanut contract price set to USD 551/1000 kg (USD 500/ton).
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