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1  |  INTRODUC TION

Soybean rust (SBR), caused by the fungus Phakopsora pachyrhizi 
(Goellner et al., 2010; Li et al., 2010), is one of the most economically 
important diseases of soybean (Glycine max). First reported in Brazil 
in 2001 (Yorinori et al., 2005), SBR can lead to severe yield losses 
(80%–90%) according to literature reports based on experimental 
research data (Dalla Lana et al., 2015; Delaney et al., 2018; Godoy 
et al., 2016a).

The overall risk of soybean rust has decreased over the years 
in Brazil due to the wider adoption of cultural practices that have 
helped to delay the disease onset. These practices include the adop-
tion of early-maturing cultivars, early sowing to allow a second sum-
mer crop (maize, cotton, or dry-beans), and (law-enforced) adoption 
of soybean-free periods between soybean seasons, which aims to 
reduce early-season inoculum (Godoy et al., 2016a). To date, major 
dominant resistance genes have been mapped in at least seven in-
dependent loci (Rpp1 to Rpp7) on the soybean genome but a limited 
number of SBR-resistant soybean cultivars are commercially avail-
able (Childs et al., 2018). In the absence of SBR-resistant cultivars, 

farmers have relied on sequential fungicide applications to avoid 
losses in the presence of the disease (Beruski et al., 2020; Dalla Lana 
et al., 2018).

In Brazil, demethylation inhibitor (DMI) fungicides were the first 
to be widely used to control SBR, either as a single active ingredi-
ent (a.i.) or amended with quinone outside inhibitors (QoI), the most 
common dual mixture for almost a decade. After 2013, succinate de-
hydrogenase inhibitor (SDHI) fungicides have become an option in 
SBR management, being used as dual or triple mixtures (Godoy et al., 
2016a). Recommendations of these fungicides have been based on 
beneficial results demonstrated by independent academic or in-
dustrial research, as well as on the annual reports by the national 
network of cooperative fungicide trials (CFTs) coordinated by the 
anti-rust consortium (Consórcio Antiferrugem) (Godoy et al., 2016a).

The CFTs for soybean rust have been conducted in Brazil since 
2004/05 (Godoy et al., 2016a). These standardized trials have 
contributed critical knowledge for establishing effective fungi-
cide programmes as well as providing information for responding 
to the emergent issue of fungicide resistance. The CFT summaries 
are disseminated widely in technical reports (Godoy et al., 2015, 

Correspondence
Emerson M. Del Ponte, Departamento de 
Fitopatologia, Universidade Federal de 
Viçosa, Viçosa, MG, Brazil.
Email: delponte@ufv.br

Funding information
Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior; Fundação 
de Amparo à Pesquisa do Estado de 
Minas Gerais, Grant/Award Number: 
APQ-03945-16; Conselho Nacional 
de Desenvolvimento Científico e 
Tecnológico, Grant/Award Number: PQ-
306857/2015-4

Abstract
Soybean rust in Brazil is currently controlled with several commercial fungicide 
premixes composed of demethylation inhibitors (EPOXiconazole, CYPRoconazole, 
PROThioconazole, TEBUconazole), quinone-outside inhibitors (AZOXystrobin, 
TriFLoXystrobin, PYRAclostrobin, PICOxystrobin), and succinate demethylation in-
hibitors (BENZovindiflupyr, BIXaFen, FLUXapyroxad). Here, we summarize the per-
formance of eight premixes evaluated in 177 cooperative trials conducted in 46 
locations across 10 states from 2015 to 2020. All fungicide treatments were sprayed 
three times starting at R1/R2. Percentage control (C, %), from back-transforming 
meta-analytic estimates of the log of the ratio, ranged from 56.2% (PICO + CYPR) to 
76.8% (BIXF + TFLX + PROT). Estimates of mean yield difference (D, kg/ha) between 
fungicide-treated and untreated plots were greatest for BIXF + TFLX + PROT (1,080) 
followed by PICO  +  BENZ (1,010), PYRA  +  EPOX  +  FLUX (981.5), AZOX  +  BENZ 
(910), TFLX + PROT (891), PICO +TEBU (682), TFLX + CYPR (646), and PICO + CYPR 
(600). Significant declines in both C and D in as little as 4 years were detected for 
AZOX + BENZ (35.3%; 550 kg/ha) and PICO + BENZ (15.5%; 359.8 kg/ha). Variance 
in D was reduced by the inclusion of baseline severity as covariate. In trials where 
baseline disease was ≥70%, yield was 250 kg/ha greater compared to areas with low 
baseline disease. Disease control and yield response were generally greater in the 
south-east, where the frequency of profitable scenarios was 30% higher on average 
than in the north-west. Results of this meta-analysis are critical for supporting deci-
sions during planning of fungicide programmes.
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2016b, 2017a, 2018a, 2019, 2020). The original intent of the CFTs 
was not to create a regional recommendation for fungicide pro-
grammes because the sequential sprays of the same fungicide, 
a standard in the CFTs, are usually tested in late-season planted 
crops, when inoculum is available. Indeed, the use of sequential 
sprays of the same active ingredient is not encouraged due to fun-
gicide resistance issues (Hollomon, 2015). However, evaluation of 
fungicide efficacy data under disease-conducive environments 
is important to establish future spray programmes as well as to 
compare and monitor fungicide performance over time and space 
(Dalla Lana et al., 2018).

Continuous investigation of fungicide efficacy is essential to 
minimize development of fungicide resistance, and even more criti-
cal when their use is continued after reports of reduction of efficacy. 
Temporal and spatial changes, usually a decline in time, are depen-
dent on (a) which chemical is used and how they are deployed (space 
and time) and (b) the capability of the pathogen to adapt and build 
resistant populations (Hollomon, 2015). Indeed, significant temporal 
decline in the efficacy of fungicides used in SBR control has been 
reported after at least four years of fungicide use. These fungicides 
include three single-a.i.: azoxystrobin, cyproconazole, and tebuco-
nazole; and three dual premixes: azoxystrobin + cyproconazole, pi-
coxystrobin + cyproconazole, and pyraclostrobin + epoxiconazole 
(Dalla Lana et al., 2018). This decline in fungicide performance has 
been linked to the reports of resistance in Brazilian P. pachyrhizi pop-
ulations to DMI and QoI fungicides (Klosowski et al., 2016; Schmitz 
et al., 2013). For instance, mutations at the cyp51 gene in isolates 
collected during the 2010 growing season were associated with 
increased EC50 for epoxiconazole, metconazole, and tebuconazole 
(Schmitz et al., 2013). Additionally, the occurrence of the F129L 
substitution, caused by target site mutations at the CYTB gene, was 
linked to a reduction in fungal sensitivity to QoIs (Klosowski et al., 
2016). More recently, a mutation in the SdhC gene, which is known 
to reduce fungal sensitivity to SDHI fungicides, was also detected 
(Simões et al., 2018).

Whether the triple mixtures continue to be effective and eco-
nomical over the years would be best understood by a comprehen-
sive analysis of multiple trials. Hence, further analyses that combine 
multiple season data and focus on estimating not only the means, 
but also the uncertainty and factors explaining variation, may pro-
vide additional insights into the disease management strategy. 
Meta-analysis has become standard in plant pathology to summarize 
the effect of treatments on plant disease management (Barro et al., 
2019; Edwards-Molina et al., 2018; Machado et al., 2017; Scherm 
et al., 2009) including effect of year on both fungicide efficacy and 
yield response over time (Dalla Lana et al., 2018).

Therefore, our objectives were to (a) estimate SBR control ef-
ficacy and yield response to most commonly used fungicides, in-
cluding triple premixes, evaluated from 2014/15 to 2019/20 crop 
seasons across all major soybean regions in Brazil; (b) evaluate 
whether efficacy and yield response vary over time and across re-
gions; and (c) calculate the profitability of fungicides using the meta-
analytic estimates of yield response.

2  |  MATERIAL S AND METHODS

2.1  |  Data source and criteria for fungicide 
selection

Data were obtained from the CFTs coordinated by the anti-rust con-
sortium (Consórcio Antiferrugem) that have been conducted during 
the recent six soybean seasons (2014/15 to 2019/20). During this 
period, 177 independent trials were conducted across 46 locations 
in 10 Brazilian states (Bahia [BA], Distrito Federal [DF], Tocantins 
[TO], Goiás [GO], Minas Gerais [MG], Mato Grosso do Sul [MS], Mato 
Grosso [MT], São Paulo [SP], Paraná [PR], and Rio Grande do Sul 
[RS]). All data used in this study were published as yearly summaries, 
where the means of SBR severity (%) and soybean yield (kg/ha) were 
statistically compared among all evaluated fungicides within the 
same year (Godoy et al., 2015, 2016b, 2017a, 2018a, 2019, 2020).

In general, the cooperative trials have been conducted follow-
ing a standard protocol (same experimental design, a common set of 
treatments, and an SBR-susceptible cultivar planted in the region). 
These trials are sown later in the season (November to December), 
depending on the region, to increase the chance of exposure to nat-
ural inoculum. Briefly, all plots (minimum 5 m long) were arranged in 
a randomized complete block design, with four replications. In most 
trials (n = 112), fungicides were applied three times at label rates; 
while in 65 trials, conducted mainly in 2018/19 (n = 23) and 2019/20 
(n = 15), four sprays were performed. The first application was made 
between the R1 (beginning of flowering) and R2 (full flowering) 
growth stages (45–55 days after sowing) with subsequent applica-
tions at a 14-day interval. A backpack sprayer pressurized by CO2, 
which was calibrated for a volume of at least 120 L/ha, was used 
to perform the fungicide applications. All weed and insect control 
practices followed regional recommendations.

In the CFTs, both defoliation and percentage leaf area affected 
(chlorotic and necrotic area estimated visually and aided by a stan-
dard area diagram [Godoy et al., 2006]) are assessed at each of three 
canopy heights. Disease severity is expressed as mean percentage 
value for the plot, and considers percentage area affected of re-
maining leaves and 100% for a defoliated canopy. At least four sam-
pling points (three canopy heights each) are assessed per plot and 
10 leaves are examined. The visual assessments were made between 
R5 (beginning of seed) and R6 (full-seed) growth stages. Yield was 
obtained by harvesting the central rows (at least 5 m2) of each plot 
after full maturity (R8). Grain weight and moisture were measured 
and crop yield was expressed as kg/ha at 13% moisture.

To be included in the analysis, a fungicide treatment had to be 
tested in at least 116 trials over all years from 2015 to 2020 and 
have an untreated control treatment in the same trial. Eight treat-
ments met the criteria, including four DMI + QoI premixes, two QoI 
+ SDHI, and two DMI + QoI + SDHI premixes (Table 1). After treat-
ment selection, SBR severity data were available from 177 trials and 
soybean yield was available for 175 trials. The states were geograph-
ically grouped into the north-western (NW) region (n = 129, MT, MS, 
GO, BA, DF, MG, and TO states) and the south-eastern (SE) region 
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(n = 48, PR, RS, and SP states). MT (n = 61), MS (n = 26), GO (n = 26), 
and PR (n = 35) were the states with the largest number of trials and 
accounted for 84% of all trials. Most trials were conducted during 
the 2016/17 (n = 36) and 2017/18 (n = 34) soybean seasons.

2.2  |  Descriptive analysis

Box plots and scatter plots depicting the means of soybean rust 
severity (%) and soybean yield (kg/ha) (across years and locations) 
of the untreated and fungicide-treated plots, as well as the means 
in the untreated plots within-region and within-year, were used for 
exploratory analysis (Figure 1). The average efficacy (100 × [1 − 
(SevFungicide/SevControl)]) across the six most recent seasons, for each 
fungicide evaluated at each different municipality (latitude and lon-
gitude of the centroid) of the 10 Brazilian states was depicted in a 
map (Figure 2).

2.3  |  Network meta-analysis estimates and 
inconsistency

Data were available at the plot level for all treatments for each vari-
able of interest (SBR severity and soybean yield); these were com-
bined at the trial level for meta-analysis (Madden et al., 2016). An 
arm-based network model, also known as a two-way unconditional 
linear mixed model, was fitted directly to the treatment means (log-
transformed or untransformed) to obtain control efficacy and yield 
response (Barro et al., 2019; Machado et al., 2017; Paul et al., 2008). 
Given the statistical properties of the data (Figure S1), mean SBR se-
verity values were log-transformed, while no transformation was re-
quired to obtain the mean difference in yield. The arm-based model 
can be written as

where Yi is the vector of L (log of the mean SBR severity) or yield (D) 
for the eight treatments plus the untreated control for the ith study, � 
is a vector representing the mean of Yi across all studies, � is a 9 × 9 
between-study variance–covariance matrix (for the eight treatments 
plus the untreated control), and Si is a within-study variance–covariance 
matrix for the ith study. N indicates a multivariate normal distribution.

Given the availability of data at the plot level, the within-study 
variability (sampling variance) of L and D was calculated from the 
mean square error (MSE) obtained from a linear mixed model fit-
ted to each individual trial, as described (Machado et al., 2017). The 
within-study variability is required to weight studies based on the 
inverse function of the sampling variance (Paul et al., 2008, 2010). 
Maximum-likelihood estimation models were fitted to the data using 
the rma.mv function of the metafor package (Viechtbauer, 2010) of 
R (R Core Team, 2020).

The yield difference (D) was given by the difference between the 
estimated means for each fungicide treatment and the estimates for 
untreated control (Madden et al., 2016). For disease severity, we cal-
culated the differences of the estimated means of the logs (LSEV) be-
tween each treatment and the untreated control, which equals the 
ratio of the two means (Paul et al., 2008). The predicted percentage 
control (C) values and their 95% confidence intervals (CIs) were ob-
tained by back-transforming LSEV and the respective upper and lower 
limits of their 95% CIs as described in Equation 2.

To test for network inconsistency, an important test for multi-arm 
network meta-analysis (Higgins et al., 2012), we fitted a factorial-
type linear model to determine the significance of the treatment × 
design interaction, evaluated according to the Wald test statistic. 
The null hypothesis suggests that the network is consistent (Madden 
et al., 2016; Piepho, 2014). Ten different designs (here design refers 
to the set of treatments in the trial) were found in the trials reporting 
both SBR severity and yield response (Table S1).(1)Yi ∼ N

(

�,� + Si

)

(2)C =
[

1 − exp
(

LSEV
)]

× 100

TA B L E  1  Fungicide treatments applied for controlling soybean rust in 177 independent trials from 2014/15 to 2019/20 across 46 
locations in 10 Brazilian states (BA, DF, TO, GO, MG, MS, MT, SP, PR, and RS).

Fungicide a.i. Study code Commercial name Dose (L/ha)a 
Cost 
($/ha)b 

Untreated CONTROL — — —

Azoxystrobin + benzovindiflupyr AZOX + BENZ Elatus 0.2 85

Bixafen + trifloxystrobin + prothioconazole BIXF + TFLX + PROT Fox XPRO 0.5 124

Picoxystrobin + benzovindiflupyr PICO + BENZ Vessarya 0.6 112

Picoxystrobin + cyproconazole PICO + CYPR Aproach Prima 0.3 68

Picoxystrobin + tebuconazole PICO + TEBU Horos 0.5 75

Pyraclostrobin + epoxiconazole + fluxapyroxad PYRA + EPOX + FLUX Ativum 0.8 115

Trifloxystrobin + cyproconazole TFLX + CYPR Sphere Max 0.2 66

Trifloxystrobin + prothioconazole TFLX + PROT FOX 0.4 103

aDose for each fungicide.
bOverall costs considering commercial prices of the 2019/20 crop season and three applications (operational cost for each application used was $10/
ha).
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2.4  |  Analysis of moderator effects

The network model (Equation 1) was expanded to include either 
a categorical or continuous moderator variable that could explain 
at least a portion of the heterogeneity of the effects across trials 
(Madden et al., 2016). The expanded model (Paul et al., 2010) is given 
by

where �i is the vector representing the moderator variable effect for 
the ith study and all other terms are as defined previously.

Year as a continuous moderator variable was included in the 
model to evaluate whether there was a significant trend of decline 

in fungicide efficacy and yield response over time. Years 2015–2020 
were transformed to integers (0–6) prior to fitting the model (Dalla 
Lana et al., 2018). Differences in regression intercept and slopes ob-
tained from the relationships between the years and LSEV and/or D 
between each fungicide treatment and the untreated control were 
used to predict LSEV and D as well as the upper and lower limits of 
their 95% CI (Dalla Lana et al., 2018). Predicted percentage control 
(C) was obtained by back-transforming LSEV and the respective upper 
and lower limits of their 95% CIs as explained previously (Equation 
2).

With regard to categorical variables, we created a baseline for 
SBR severity based on the median of the mean values in the un-
treated control. The trials were divided into two groups, represent-
ing low (<70% SBR severity, n = 100) and high (≥70% SBR severity, 

(3)Yi ∼ N
(

� + �i , Σ + Si
)

F I G U R E  1  Box plots depicting the means of soybean rust (SBR) severity (%) and soybean yield (kg/ha) (across years and locations) of the 
untreated and fungicide-treated plots (a,d); and the means of the same variables in the untreated plots within-region (b,e) and within-year 
(c,f), measured from a set of 177 field trials conducted from 2014/15 to 2019/20. Geographic regions defined in our study were: north-
western (NW) states (Bahia [BA], Distrito Federal [DF], Tocantins [TO], Goiás [GO], Minas Gerais [MG], Mato Grosso do Sul [MS], and Mato 
Grosso [MT]), and south-eastern (SE) states (Paraná [PR], Rio Grande do Sul [RS], and São Paulo [SP]) of Brazil. The thick horizontal line inside 
the box represents the median, the limits of the box represent the lower and upper quartiles, and the circles represent yearly means of each 
treatment. See Table 1 for information on the fungicide treatments [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E  2  Geolocation of the 46 municipalities across 10 states of Brazil where 177 fungicide evaluation trials were conducted from 
2014/15 to 2019/20. Dots represent mean percentage efficacy for the eight selected fungicides in each location, with their colour indicating 
the value. The size of the circle is proportional to the number of trials conducted in each location. See Table 1 for complete information of 
the evaluated fungicides [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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n = 75) disease scenarios. Finally, we created an additional categori-
cal variable based on geographical region where trials were grouped 
into the NW region (MT, MS, GO, BA, DF, TO, MG; n = 126) and the 
SE region (PR, RS, SP; n = 49), as mentioned previously. Linear con-
trasts were used to estimate the mean effect sizes and their stan-
dard errors and 95% CIs for each level of the categorical moderator 
(Madden et al., 2016).

The moderator variables were included in the model and tested 
using a Wald-type chi-square test to determine if the moderator 
variables directly affected the differences in log response ratio for 
SBR severity and differences in mean yield (Paul et al., 2008).

2.5  |  Economic analysis

We calculated the distribution of profits provided by each fungicide 
separately for the NW and SE region, according to the respective 
estimates of yield return. The product of yield gain (D, kg/ha) and 
soybean price (SP, US$/kg) was used to calculate the income (I , US$/
ha). The profit of each fungicide × region combination was calculated 
by subtracting the application costs (Ac, US$/ha; fungicide cost + 
operational cost) from the income. To obtain the distribution of prof-
its, we ran 40,000 simulations for each fungicide × region scenario. 
The yield gain (D) was assumed normally distributed D ∼ N(�, �), � 
being the estimated mean yield gain D and � the standard error of 
D [SE(D)]. For fungicides that had a significant decline in yield gain 
detected in the meta-regression, we used the D value corresponding 
to the more recent year. Soybean price, defined according to values 
received during two recent seasons (2018/19, 2019/20; AGROLINK, 
2020), was assumed to be uniformly distributed between US$0.25/
ha and US$0.35/ha, that is SP ∼ Uniform(0.25, 0.35). The application 
costs for each fungicide were also considered uniformly distributed 
between 5% above and below the overall cost x, that is Ac∼Uniform 
(0.95×,1.05×). Overall costs in 2019/20 crop season, including the 
operational cost for each application (total of three applications) as 
US$10/ha, are described in Table 1.

3  |  RESULTS

3.1  |  Meta-analytic estimates of control efficacy 
and yield response

There was considerable variation in SBR severity and yield in the 
untreated plots across seasons, regions, and locations/trials (each 
dot in Figure 1 represents a single trial). Disease severity in the un-
treated plots ranged from 6.12% to 100% (median 72.5%). Median 
severity was higher (75%) in the NW than in the SE (69%) (Figure 1b). 
Across growing seasons, the highest (78.9%) and the lowest (65.2%) 
median SBR severities in the untreated control were recorded in the 
2015/16 and 2019/20 seasons, respectively (Figure 1c).

Baseline yield ranged from 541 to 4,848  kg/ha (me-
dian = 2,501 kg/ha) across the trials. The median yield was lower 

in the NW (2,404 kg/ha) than in the SE (2,816 kg/ha) (Figure 1e). 
The highest median yield (2,890  kg/ha) was observed in 2019/20 
and the lowest (2,160 kg/ha) in the 2018/19 crop season (Figure 1f). 
As expected, lower SBR severity and higher yield was observed 
in the fungicide treatments compared with the untreated control 
(Figure 1a–1d).

Overall estimates of percentage control efficacy (C) ranged from 
56.2% to 76.8% across the premixes. Triple premix BIXF + TFLX + 
PROT reduced SBR severity by at least 76% on average and linear 
contrasts showed that it was significantly different from all other 
treatments (p < 0.05). PICO + BENZ (74%), AZOX + BENZ (72.7%), 
PYRA + EPOX + FLUX (72.2%), and TFLX + PROT (71.9%), each with 
a percentage control greater than 70%, were not statistically differ-
ent from each other (p > 0.11) but were significantly different from 
all other treatments (p < 0.05). PICO + TEBU (66%) was significantly 
different (p < 0.0001) from the two least effective fungicides TFLX 
+ CYPR (57.8%) and PICO + CYPR (56.2%), which did not differ from 
each other (p = 0.27) (Table 2). The difference in percentage control 
efficacy between the most and least effective fungicide was 20.6 
percentage points. The Wald test determined that network consis-
tency was significantly affected by the study design (p < 0.0001).

The mean estimates of yield difference (D) between fungicide-
treated and untreated plots ranged from 600 to 1,080 kg/ha among 
the double and triple premixes (Table 3). Yield response values 
above 1,000  kg/ha were estimated only for BIXF  +  FLX  +  PROT 
(1,080 kg/ha) and PICO + BENZ (1,010 kg/ha), which differed statis-
tically (p = 0.03) based on linear contrasts. PICO + BENZ did not dif-
fer statistically from PYRA + EPOX + FLUX (981.5 kg/ha; p = 0.24). 
AZOX + BENZ (910 kg/ha) and TFLX + PROT (891 kg/ha), were not 
statistically different (p  =  0.48) from each other but were signifi-
cantly different from all other treatments. PICO + TEBU (682 kg/ha), 
TFLX + CYPR (646 kg/ha) and PICO +CYPR (600 kg/ha), were statis-
tically different from each other and all other treatments (p < 0.05) 
(Table 3). The difference between the highest and lowest estimated 
yield means was 480 kg/ha. The Wald test for the treatment ×design 
interaction showed that the network was inconsistent (p < 0.001). In 
general, there was a linear pattern in the relationship between con-
trol efficacy and yield difference. As shown previously, the most ef-
fective in reducing disease severity and leading to the greatest mean 
yield response was the triple premix BIXF + TFLX + PROT. Again, 
the two least effective fungicides in reducing disease severity and 
protecting yield were TFLX + CYPR and PICO + CYPR (Figure 3).

3.2  |  Effect of year on control efficacy and 
yield response

The increase in log response ratio for disease severity (LSEV), and 
consequently reduction in C (from back-transforming LSEV), pre-
dicted per unit time based on the intercepts and slopes of network 
meta-regression models using year as a continuous covariate, var-
ied among fungicides. The slope was statistically different from 
zero (p < 0.0001) for only the two QoI + DHI premixes (Table 4). 
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AZOX + BENZ showed the greatest relative reduction in percent-
age control (35.3 percentage points) from the first season (2014/15; 
83.6%) compared to the last season (2019/20; 48.3%). PICO + BENZ 
showed a reduction of 15.5 percentage points in efficacy between 
2016/17 (78.5%) and 2019/20 (63%) seasons. The other six fungi-
cides showed a relatively stable efficacy over the years, including 

the two new triple premixes BIXF + TFLX + PROT (75.9%–75.6%) 
and PYRA + EPOX + FLUX (73.2%–68.1%) evaluated from 2016/17 
to 2019/20 (Figure 4).

Similarly, slopes for D over time were statistically different from 
zero (p < 0.0001) for only AZOX + BENZ and PICO + BENZ (Table 4). 
The greatest reduction in yield response (550 kg/ha), after predicting 

TA B L E  2  Overall means and respective confidence intervals of log response ratio of soybean rust (SBR) severity (LSEV) and calculated 
percentage control (C) of SBR relative to untreated control provided by eight fungicides evaluated in 177 independent trials conducted 
across 46 locations in 10 Brazilian states (BA, DF, TO, GO, MG, MS, MT, SP, PR, and RS) over six growing seasons (2015–2020)

Fungicidea  nb  kc  LSEV

Effect size SBR control (%)

SE [CIL, CIU]d  p C [CIL, CIU]d 

BIXF + TFLX + PROT 4 115 −1.4612 0.0504 [−1.5601, −1.3624] <0.0001 76.80 [74.39, 
78.98]

PICO + BENZ 4 116 −1.3482 0.0520 [−1.4501, −1.2463] <0.0001 74.02 [71.24, 
76.54]

AZOX + BENZ 5 144 −1.3017 0.0541 [−1.4078, −1.1956] <0.0001 72.79 [69.74, 
75.53]

PYRA + EPOX + FLUX 4 115 −1.2812 0.0468 [−1.3730, −1.1895] <0.0001 72.23 [69.56, 
74.66]

TFLX + PROT 6 166 −1.2719 0.0462 [−1.3624, −1.1814] <0.0001 71.96 [69.31, 
74.39]

PICO + TEBU 5 149 −1.0793 0.0418 [−1.1613, −0.9973] <0.0001 66.01 [63.11, 
68.69]

TFLX + CYPR 5 143 −0.8651 0.0375 [−0.9385, −0.7916] <0.0001 57.89 [54.68, 
60.88]

PICO + CYPR 6 169 −0.8268 0.0338 [−0.8932, −0.7605] <0.0001 56.25 [53.25, 
59.06]

AZOX, azoxystrobin; BENZ, benzovindiflupyr; BIXF, bixafen; CYPR, cyproconazole; EPOX, epoxiconazole; FLUX, fluxapyroxad; PICO, picoxystrobin; 
PYRA, pyraclostrobin; TEBU, tebuconazole; TFLX, trifloxystrobin.
aSee Table 1 for complete information on the evaluated fungicides.
bNumber of crop seasons that each fungicide was evaluated.
cNumber of trials in which each fungicide was evaluated.
dUpper and lower limits of the 95% confidence interval around LSEV and C.

TA B L E  3  Overall means and respective 
confidence intervals of unstandardized 
difference in soybean yield (D) between 
fungicide-treated and untreated plots 
for eight selected fungicide treatments 
evaluated in 177 independent trials 
conducted across 46 locations in 10 
Brazilian states (BA, DF, TO, GO, MG, MS, 
MT, SP, PR, and RS) during six growing 
seasons (2015–2020)

Fungicidea  nb  kc 

Yield response (kg/ha)

D SE [CIL, CIU]d  p

BIXF + TFLX + PROT 4 116 1080.01 40.91 [999.81, 1160.20] <0.0001

PICO + BENZ 4 118 1010.92 38.58 [935.29, 1086.55] <0.0001

PYRA + EPOX + FLUX 4 116 981.51 38.93 [905.20, 1057.82] <0.0001

AZOX + BENZ 5 145 910.62 38.27 [835.60, 985.64] <0.0001

TFLX + PROT 6 169 891.03 32.08 [828.15, 953.91] <0.0001

PICO + TEBU 5 154 682.11 28.97 [625.32, 738.89] <0.0001

TFLX + CYPR 5 146 646.43 25.37 [596.69, 696.16] <0.0001

PICO + CYPR 6 175 600.39 25.26 [550.86, 649.91] <0.0001

AZOX, azoxystrobin; BENZ, benzovindiflupyr; BIXF, bixafen; CYPR, cyproconazole; EPOX, 
epoxiconazole; FLUX, fluxapyroxad; PICO, picoxystrobin; PYRA, pyraclostrobin; TEBU, 
tebuconazole; TFLX, trifloxystrobin.
aSee Table 1 for complete information of the evaluated fungicides.
bNumber of crop seasons that each fungicide was evaluated.
cNumber of trials that each fungicide was evaluated.
dUpper and lower limits of the 95% confidence interval around D.
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D for each year using the intercepts and slopes obtained from net-
work meta-regression models, was observed for AZOX  +  BENZ 
(1,161 kg/ha in 2014/15 compared with 611 kg/ha in 2019/20). For 
PICO + BENZ, a reduction of 359.8 kg/ha was observed during the 
four-year period in which the premix was evaluated (1,096.7 kg/ha in 
2016/17 compared with 736.9 kg/ha in 2019/20; Figure 5).

3.3  |  Region effect on control efficacy and 
yield response

Based on the Wald test (p < 0.0001), the expanded model including 
the categorical moderator variable region differed statistically from the 
simpler model for both disease severity and yield response. Based on 
linear contrasts, control efficacy in the SE region was statistically higher 
compared to the NW region for six fungicides (BIXF + TFLX + PROT, 
PICO + CYPR, PICO + TEBU, TFLX + CYPR, and TFLX + PROT) (Table 
S2; Figure 6). In the NW region, the lowest mean percentage control 
for the two treatments whose performance declined over time was de-
termined for AZOX + BENZ (28%) and PICO + BENZ (51%) at the mu-
nicipalities of Cabeceira do Apa (MS) and Diamantino (MT), respectively 
(Table S3; Figure 2). For the SE region, the lowest efficacies estimated 
for AZOX + BENZ and PICO + BENZ, were determined in the southern-
most state, RS, in Itaara (57%) and Erebango (16%) (Figure 2).

Similarly, yield response from the use of fungicides was generally 
higher in the SE than in the NW, except for the premix PICO + BENZ. 
There was a statistical difference in D between regions for four 
fungicides (PICO  +  CYPR, PICO  +  TEBU, TFLX  +  CYPR, and 
TFLX + PROT), with yield responses ranging from 130 to 203 kg/ha 
(Table S2; Figure 6).

3.4  |  Effect of baseline disease on yield response

The expanded model including the categorical interaction term 
(baseline severity) differed statistically from the simpler model 

based on the Wald test (p < 0.05), meaning that severity in the un-
treated control treatment explained at least a portion of the vari-
ability in yield response. In general, D was greater in high-disease 
than in low-disease scenarios, with differences ranging from 107 kg/
ha (PICO + TEBU) to 250 kg/ha (PICO + BENZ) among treatments 
(Table 5).

3.5  |  Economic analysis

Overall, all fungicides were profitable, but especially the triple pre-
mix BIXF + TFLX + PROT, with medians profits of $186.05/ha and 
$230.68/ha for the NW and the SE regions, respectively (Figure 7). 
The lowest profit levels were obtained by AZOX + BENZ, with me-
dian value of $73.39/ha and $55.48/ha for NW and SE regions, re-
spectively. Two dual premixes, AZOX  +  BENZ and PICO  +  BENZ, 
which were the only treatments whose performance declined over 
time, were the only treatments yielding negative 0.025 quantiles in 
their profit distributions (Figure 7). Overall, the more profitable sce-
narios were observed for the SE region, approximately 30% superior 
than in the NW region.

4  |  DISCUSSION

The present study updates critical information for managing soybean 
rust with fungicides with data gathered during the past six growing 
seasons (2014/15 to 2019/20) across the main soybean-producing 
states in Brazil. On average, we found the best performing and 
most consistent fungicide premix to be the three-group mixture 
(BIXF + TFLX + PROT), while the poorest performing ones were two 
QoI + DMI dual mixtures (TFLX + CYPR and PICO + CYPR). In addi-
tion, a statistically significant decline in performance was detected 
for two dual premixes of QoI  +  SDHI fungicides (AZOX  +  BENZ 
and PICO  +  BENZ). Finally, we found generally greater levels of 
SBR control in the SE region and in trials with conditions favourable 

F I G U R E  3  Relationship between 
percent reduction of soybean rust (SBR) 
and yield response relative to untreated 
control, for eight fungicides evaluated 
across 177 independent field trials in 
Brazil from 2014/15 to 2019/20. Bars 
show the upper and lower limits of 
95% confidence intervals around point 
estimates for both responses. See Table 1 
for complete information of the evaluated 
fungicides [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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for severe epidemics (where severity in the untreated control was 
greater than 70%).

In contrast to our previous meta-analysis (Dalla Lana et al., 2018) 
that used a 10-year data set (up to 2014), we included two triple 
premixes (BIXF + TFLX + PROT and PYRA + EPOX + FLUX) and four 
dual premixes (AZOX  +  BENZ, PICO  +  BENZ, PICO  +  TEBU, and 
TFLX + CYPR) that were not evaluated previously. In the previous 
study, the dual premix PICO  +  CYPR (80.2%) performed the best 
among all fungicides. In our analysis, its efficacy was reduced by 24 
percentage points (56% efficacy, on average) compared to the previ-
ous period. This difference confirms the trend of significant decline 
in control efficacy determined previously for this premix after seven 
years of use (2006/07 to 2013/14; Dalla Lana et al., 2018). Further 
decline was not detected for PICO + CYPR in our analysis, meaning 
that the reduced levels have been maintained during the six grow-
ing seasons. Also, the large spatial variation in efficacy prevented 
us from detecting significant trends in fungicide performance over 
time.

Our results also confirm the consistent good performance of 
TFLX  +  PROT over the years, with no decline being detected, on 

average, during the previous period (Dalla Lana et al., 2018). The 
higher efficacy of the triple mixture (TFLX + PROT + BIXF) could 
not be attributed only to the addition of BIXF, because the amount 
of TFLX and PROT a.i./ha (75 + 87.5) in the triple mixture is higher 
than in the dual mixture (TFLX 60 + PROT 70). A recent two-year 
study, not included in our analysis, conducted in the north of RS 
state (Sacon et al., 2020), reported a 71% efficacy for TFLX + PROT, 
which was close to our overall estimates (72% efficacy), but both 
were numerically lower than in the previous meta-analysis (83.6% 
efficacy; Dalla Lana et al., 2018). Additionally, the authors reported 
SBR control efficacy for PYRA + EPOX + FLUX (>70%) (Sacon et al., 
2020) similar to the estimates reported here (72%).

In general, lower levels of percentage control and yield response 
were observed for the NW region relative to the SE region, which 
could be explained by the greater disease pressure on those states, 
as reported by Scherm et al. (2009). The within-season average 
number of sprays of fungicides is usually higher in the NW states, 
so issues with fungicide resistance are more likely to occur (Godoy 
et al., 2016a). Accordingly, more profitable scenarios were calculated 
for the SE region. The increased levels of yield return that occurred 

F I G U R E  4  Yearly variation of efficacy 
(percentage control) for eight selected 
fungicide treatments applied three times 
during the season for the control of 
soybean rust. Solid (mean) and dashed 
(95% confidence intervals) lines are the 
predictions from back-transforming the 
log response ratio for each year based 
on the intercepts and slopes (Table 4) of 
network meta-regression models using 
year as a continuous covariate. Each dot 
represents the observed efficacy in an 
individual trial, coloured according to the 
two geographic regions defined in our 
study: north-western (NW) states (Bahia 
[BA], Distrito Federal [DF], Tocantins 
[TO], Goiás [GO], Minas Gerais [MG], 
Mato Grosso do Sul [MS], and Mato 
Grosso [MT]), and south-eastern (SE) 
states (Paraná [PR], Rio Grande do Sul 
[RS], and São Paulo [SP]). See Table 1 for 
detailed information on the fungicide 
treatments [Colour figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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under high disease severity conditions is in agreement with the ef-
fect of fungicides on soybean diseases found in previous studies, 
suggesting greater benefit with increased disease pressure (Barro 
et al., 2019; Delaney et al., 2018; Edwards-Molina et al., 2018).

The reduction in control efficacy and yield response levels re-
ported here for AZOX + BENZ and PICO + BENZ is possibly linked to 
reports of P. pachyrhizi populations resistant to QoIs (Klosowski et al., 
2016) and, more recently, to the SDHIs (Simões et al., 2018). Regarding 
QoIs, Dalla Lana et al. (2018) reported a decline in the performance of 
QoIs applied either as a single a.i. or as a premix amended with cypro-
conazole. The reduction of sensitivity to QoI has been clearly associated 
with the occurrence of the F129L substitution, caused by target site 
mutations at the CYTB gene, which was first reported in P. pachyrhizi 
isolates collected in 2012/13 and has been increasing in frequency in 
2013/14 (Klosowski et al., 2016). Although cross-resistance in the same 
group occurs, the mutations affect the active ingredients in different 
ways. For QoIs, the F129L mutation presents a quantitative effect in P. 
pachyrhizi, and affects the performance of azoxystrobin and pyraclos-
trobin more than other active ingredients, including picoxystrobin, tri-
floxystrobin, and metominostrobin (Godoy & Meyer, 2020).

Reduction in the sensitivity of P. pachyrhizi isolates to SDHIs was 
first reported in the 2015/16 crop season, linked to a mutation in 
the SdhC gene causing the amino acid substitution C186F (Simões 
et al., 2018). According to the authors, the C186F mutation was 
not detected before SDHI market introduction, and the mutation 
frequency was lower in samples collected from untreated plots 
compared to SDHI-treated plots in several field trials. Additionally, 
C186F frequency increased in the 2016/17  season and the muta-
tion was found in P. pachyrhizi populations from various and distinct 
regions in Brazil, accelerating the occurrence of resistance (Simões 
et al., 2018).

The use of cultivars with resistance genes (Rpp) to SBR has been 
more widely adopted to improve SBR management and to reduce 
the selection pressure of fungicides (Childs et al., 2018). However, 
the sole use of resistant cultivars as a management choice has the 
same limitation as the use of fungicides: the selection of pathogen 
populations capable of overcoming the Rpp genes (Godoy et al., 
2016a). Therefore, recent studies have investigated interaction ef-
fects of chemical and genetic control (Bahry et al., 2020; Sacon et al., 
2020). A two-year study (2016/17 to 2017/18) conducted in Paraná 

F I G U R E  5  Yearly variation in the 
difference in yield between the fungicide-
treated and the untreated plots (yield 
response) for eight fungicide treatments 
applied three times during the season 
for the control of soybean rust. Solid 
(mean) and dashed (95% confidence 
intervals) lines represent the predictions 
from network meta-regression modelling 
where year was included as a continuous 
covariate. Each dot represents the 
observed yield response at each trial 
coloured according to the two geographic 
regions defined in our study: north-
western (NW) states (Bahia [BA], Distrito 
Federal [DF], Tocantins [TO], Goiás [GO], 
Minas Gerais [MG], Mato Grosso do 
Sul [MS], and Mato Grosso [MT]), and 
south-eastern (SE) states (Paraná [PR], Rio 
Grande do Sul [RS], and São Paulo [SP]). 
See Table 1 for detailed information on 
the fungicide treatments [Colour figure 
can be viewed at wileyonlinelibrary.com]
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state found a significant reduction in SBR severity when combining 
fungicide treatment (AZOX + BENZ) with a resistant cultivar (TMG 
7062; c.72%); slightly less reduction was obtained when fungicide 

was combined with the highly tolerant cultivar LG 60163 (c.64%) and 
less still with the susceptible cultivar NA 5909 (c.52.1%) (Bahry et al., 
2020). Sacon et al. (2020) also reported higher SBR control applying 

F I G U R E  6  Means and respective 95% confidence intervals (error bars) for control efficacy (%) and soybean yield response (kg/ha) 
provided by fungicide treatments evaluated over years 2015 to 2020 and grouped into two geographic regions defined in our study: north-
western (NW) states (Bahia [BA], Distrito Federal [DF], Tocantins [TO], Goiás [GO], Minas Gerais [MG], Mato Grosso do Sul [MS], and Mato 
Grosso [MT]), and south-eastern (SE) states (Paraná [PR], Rio Grande do Sul [RS], and São Paulo [SP]). The means were calculated using a 
network meta-analytic model where region was included as covariate. Means shown for control efficacy (%) were back-transformed from log 
values. See Table 1 for detailed information on the fungicide treatments [Colour figure can be viewed at wileyonlinelibrary.com]

Fungicidea  Condition

Yield response (kg/ha)

kb  D [CIL, CIU]c  p

AZOX + BENZ High 82 1005.3 [908.0, 1102.5] 0.004

Low 63 784.5 [539.0, 1029.9]

BIXF + TFLX + PROT High 63 1154.1 [1048.4, 1259.9] 0.035

Low 53 982.7 [717.4, 1248.0]

PICO + BENZ High 63 1119.6 [1021.3, 1217.8] 0.001

Low 55 869.3 [623.0, 1115.6]

PICO + CYPR High 100 651.0 [586.5, 715.6] 0.020

Low 75 533.7 [370.6, 696.7]

PICO + TEBU High 93 728.4 [654.4, 802.4] 0.065

Low 61 621.3 [433.3, 809.3]

PYRA + EPOX + FLUX High 61 1088.0 [988.5, 1187.5] 0.002

Low 55 850.7 [601.6, 1099.8]

TFLX + CYPR High 80 707.2 [642.3, 772.1] 0.006

Low 66 569.6 [406.3, 732.9]

TFLX + PROT High 96 956.3 [874.5, 1038.2] 0.017

Low 73 804.7 [597.9, 1011.5]

AZOX, azoxystrobin; BENZ, benzovindiflupyr; BIXF, bixafen; CYPR, cyproconazole; EPOX, 
epoxiconazole; FLUX, fluxapyroxad; PICO, picoxystrobin; PYRA, pyraclostrobin; TEBU, 
tebuconazole; TFLX, trifloxystrobin.
aSee Table 1 for complete information of the evaluated fungicides.
bNumber of trials in which each fungicide was evaluated.
cUpper and lower limits of the 95% confidence interval around D.

TA B L E  5  Overall means of soybean 
yield response (D) for each fungicide 
treatment, relative to the untreated 
control, conditioned (moderator analysis) 
to two classes of soybean rust severity 
representing a low (<70% in the untreated 
control) or high disease pressure (>70% in 
the untreated control)
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AZOX + BENZ to resistant cultivars (>80%) compared to a suscep-
tible one (c.56%) in field experiments conducted in northern Rio 
Grande do Sul state during 2016/17 and 2017/18 growing seasons.

Another ongoing strategy to improve SBR control, as well as re-
duce the risk of resistance development, is to alternate modes of 
action and the use of premixes of single-site amended with multisite 
fungicides (Godoy et al., 2016a). In fact, a recent two-year study 
(2016/17 to 2017/18) reported significant gain values in SBR con-
trol efficacy using TFLX  +  PROT (14%) and AZOX  +  BENZ (28%) 
amended with mancozeb (Netto et al., 2020). Preliminary data from 
the CFTs have also shown benefits from adding multisite fungicides 
(Godoy et al., 2016c, 2017b, 2018b). More data will become avail-
able in the near future that should be amenable for quantitative es-
timation of the benefits of multisite fungicides.

In conclusion, the results of our study provide critical infor-
mation to support decision making in the selection of fungicides 
that maximize profit and minimize development of fungicide re-
sistance. The continuing evaluation of fungicides in the CFT net-
work is essential and should be encouraged. The results obtained 
in this study are also useful when choosing the fungicides to be 
tested in future trials. Finally, the suspension of the registration 
of noneffective fungicides can help to manage fungicide resis-
tance, which may be partially reversible when the selection pres-
sure of fungicide is removed or minimized (Parnell et al., 2005). 
For instance, the efficacy of tebuconazole applied as single a.i., 
which showed the greatest rate of reduction (7.7 percentage 
points per year) in the previous study (Dalla Lana et al., 2018), has 
reached increased levels of efficacy during the last crop seasons 
(Godoy et al., 2020).
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F I G U R E  7  Half-eye plots (a density and interval) of profits 
(40,000 simulation runs) based on the meta-analytic estimate of 
yield response (kg/ha) for eight fungicide treatments conditioned 
to two geographic regions: north-western (NW) states (Bahia [BA], 
Distrito Federal [DF], Tocantins [TO], Goiás [GO], Minas Gerais 
[MG], Mato Grosso do Sul [MS], and Mato Grosso [MT]), and south-
eastern (SE) states (Paraná [PR], Rio Grande do Sul [RS], and São 
Paulo [SP]) of Brazil, evaluated over six years (2015 to 2020). The 
profits of each fungicide × region combination were calculated by 
subtracting costs of sprays (see black dot in the figure for specific 
cost for the fungicide) from the income ($/ha) given by yield 
response multiplied by soybean price. Bars show the upper and 
lower limits of 95% confidence intervals around point estimates. 
See Table 1 for detailed information on the fungicide treatments 
and costs [Colour figure can be viewed at wileyonlinelibrary.com]
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