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Abstract
Fusarium head blight (FHB) is one of the destructive diseases in wheat-producing areas of the world. Field experiments 
were conducted during the 2019 main cropping season to determine an economically feasible time of application that con-
sisted of fungicides and spray regimes to reduce FHB pressure and grain yield loss under field conditions at five locations 
in southern Ethiopia. The study was comprised of two fungicides and spray regimes. Totally seven treatment combinations 
were designed, including the unsprayed control plots. The field was designed by a randomized complete block design with 
four replications. Analysis of variance revealed interaction of fungicides and spray regimes significantly (P < 0.001) affected 
rates of disease progress, disease severity (DS), area under disease progress curve (AUDPC), and yield-related parameters. 
Lowest (0.0159 units  day−1) and highest (0.0694 units  day−1) disease progression rates were estimated from the applica-
tion of Tebuconazole before disease onset and unsprayed control plots, respectively. Application of Tebuconazole before 
disease onset significantly reduced DS (67.68%), followed by application of Propiconazole + Tebuconazole before disease 
onset (67.16%) and Tebuconazole after disease onset (65.77%). Moreover, Propiconazole + Tebuconazole and Tebuconazole 
applications before disease onset considerably reduced AUDPC by 61.38%-days and 58.60%-days, respectively. The high-
est grain yield (5.02 t  ha−1) was recorded from the application of Tebuconazole before disease onset. The grain yield loss 
of 44.22% was computed on an unsprayed plot compared to the plot protected with the application of Tebuconazole before 
disease onset. Overall, the application of fungicides' appropriate spray regimes reduces FHB pressure, and consequently, 
increases grain yields. However, the application of Tebuconazole before disease gave a better monitory advantage over the 
others. This could be suggested for the producers to manage FHB and enhance wheat production.
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Introduction

Wheat (Triticum aestivum L.) is the world’s frontmost cereal 
crop where more than 1/3rd of the population of the world 
utilize it as a basic food (FAO et al. 2018; USDA 2018). The 
world’s total production of wheat has reached more than 
809 million tons of grain yields, which was cultivated on a 
total of more than 214 million hectares of land during 2018. 
The world-leading wheat-producing country was China 
(145 million tons), followed by India (110 million tons), 
Russia (79.5 million tons), United State (56.5 million tons) 
and France (39.5 million tons) (FAOSTAT 2018). In this 
regard, Ethiopia is the major wheat producer next to Egypt 
and Morocco in Africa, which provides an annual grain 
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production of 4,838,074.05 tons (CSA 2018; FAOSTAT 
2018). Cultivation of wheat comprises a substantial part of 
the human diet, commercial and animal feed in Ethiopia 
(CSA 2018; Anteneh and Asrat 2020). Its worldwide pro-
duction also approves high commercial and dietary values 
(FAOSTAT 2018; USDA 2018). In Ethiopia, the crop is of 
great significance and value cereal crop next to Tef (Era-
grostis tef (Zucc.) Trotter) in terms of production and distri-
bution. Wheat production holds 18.23 and 19.80% in terms 
of area coverage and production related to the total produced 
areas and production of cereals in Ethiopia (CSA 2018).

In Ethiopia, the crop is potentially grown in the highland 
and some lowland areas of the country. During the 2018 
cropping season, wheat was cultivated on 1,747,939.31 
hectares of land with the production of 4,838,074.05 tons 
of grain yields and productivity of 2.77 t  ha−1. In southern 
Ethiopia, the crop is produced on 151,583.58 hectares of 
land and contributes 402,857.46 tons of grain yields with 
a productivity of 2.66 t  ha−1 (CSA 2018). However, the 
average productivity of wheat is low both in the region and 
national levels compared with the world (3.11 t  ha−1) (CSA 
2018; FAOSTAT 2018). In this regard, the reports presented 
by MoANR and EATA (2018) showed that the productivity 
of wheat crop is more than 7 t  ha−1 under research farm and 
more than 4 t  ha−1 under farmers’ field conditions. Even 
though the availability of wheat cultivars with high yield 
potential and favorable environmental conditions for cultiva-
tion, both the national and regional average productivity is 
very low in the country. As reported by Zegeye et al. (2001), 
Ayele et al. (2008), and Shude et al. (2020), the low produc-
tivity is accredited due to different and incomprehensible 
constraints, which includes abiotic, biotic, and socioeco-
nomic and those related to crop management in wheat-pro-
ducing areas of the world, including Ethiopia. Of the biotic 
factors, several plant pathogens took part in a significant 
role in limiting the production and productivity of wheat 
across the world and Ethiopia as well (Bekele et al. 2001; 
Ayele et al. 2008; Dean et al. 2012; Zewdie and Paul 2013; 
Tewodros et al., 2016). Among fungal diseases, Fusarium 
head blight (FHB) (Fusarium graminearum Schwabe (Tel-
eomorph: Gibberella zeae (Schwein.) Petch) is the fourth 
most destructive disease of wheat worldwide (Dean et al. 
2012; Lenc et al. 2015; Shude et al. 2020). However, the dis-
tribution, importance, and characterization of FHB have not 
been studied under field conditions as other major diseases 
of wheat in Ethiopia.

Fusarium head blight is an important disease of wheat, 
barley, and other small cereals (Hoover 2011). The pathogen 
overwinters and survives between crops in infected chaff, 
grass stubble, grains, and stem stalk residues left on the 
ground and the soil. The disease frequently occurs in humid 
wheat-producing areas of the world (Sutton 1982; Trail 
et al. 2002; Karasi et al. 2016). The damages are greatly 

connected with a decrease in grain production and quality 
of seed, which are provoked by contamination of grains with 
mycotoxins production, especially deoxynivalenol (Muth-
omi et al. 2008; Andersen et al. 2014). The occurrence and 
intensity of FHB epidemics are driven by the amount of 
airborne inoculum, which may arise from both within and 
outside of the field, amalgamate with humid air conditions 
during and post-anthesis period that favors infection of the 
crop (McMullen et al. 2012; Karasi et al. 2016). In wheat, 
yield loss due to FHB was estimated to be 50–70% of the 
total production. However, under favorable conditions, yield 
losses of 100% have been recorded on the highly suscepti-
ble wheat genotypes (Windels 2000; Pirgozliev et al. 2003). 
Globally, the disease is a significant and causes 1.3 billion 
dollars in direct losses from 1991 to 1996 across the United 
States (McMullen et al. 1997, 2012). During 1980, FHB has 
resulted in significant yield and quality losses in the Prairies 
and Eastern Canada (Gilbert et al. 2001). Also, losses in 
Canada have been ranged from 50 million dollars annually 
since the early 1990s (AFAC 2012). According to the report 
of the Southern Regional Bureau of Agriculture and respec-
tive districts of the office of Agriculture within the region, 
an exceedingly destructive outbreak has occurred during the 
2017 and 2018 cropping seasons in Ethiopia. The damage 
had been important in the south and southwest of the region 
(Adiyo, Bench, and North Ari districts); in some fields of 
wheat, nearly 100% yield loss has been recorded during 
the growing seasons. To reduce yield losses and sources 
of infection, preventing the spread of the disease is of great 
importance in controlling FHB.

Many kinds of researches have been carried out so far for 
FHB management in different parts of the world. Accord-
ingly, many management alternatives have been reported, 
including removal of crop residues, deep ploughing, inter-
cropping with legume crops, crop rotations, cultivation of 
moderately resistant crop varieties, seed treatment and foliar 
sprays of fungicides, and integrated management approaches 
(Karasi et al. 2016; Shude et al. 2020; Getachew et al. 2021). 
Cultural approaches could merely manage FHB to a limited 
extent (Shude et al. 2020). However, the tendency of many 
cultivators and the reports of past research on the disease 
management strategy of FHB had mainly towards the use 
of fungicides in the world (Gilbert and Haber 2013; Shude 
et al. 2020). As recently became important and threaten-
ing to the farming community, empirical research works 
on FHB management has not been done under Ethiopian 
conditions. In addition, no fungicide have been registered 
for FHB of wheat, although there have been some varie-
ties released with various levels of resistance to major dis-
eases of wheat. According to the reports of the Regional 
Bureau of Agriculture and respective districts of the office 
of Agriculture within the region for the last three cropping 
years (2017–2019), the observation made in the study areas 



567Journal of Crop Science and Biotechnology (2022) 25:565–582 

1 3

pointed out the disease caused significant yield loss than rust 
diseases. Management option has not been forwarded for the 
farmers to manage FHB in the study areas and the country as 
well. As a result, growers in the study areas need alternative 
management options along with cultural approaches.

The effects of fungicide on FHB of wheat had been recog-
nized by a number of researchers worldwide as resumed by 
Gilbert and Haber (2013) and Shude et al. (2020). However, 
there is no report on registered fungicide for FHB, and no 
entirely resistant wheat variety to FHB in Ethiopia. These 
reasons lead to the need for better alternative management 
options using registered fungicides for other wheat diseases 
by considering the active substance of the fungicide. Many 
reports on fungicide application showed that the efficacy of 
fungicides may differ with the active ingredients comprised 
within the product development and the pathogen itself to 
withstand the active ingredients. The effectiveness of fun-
gicide also depends not only on the active substances con-
stituted but also on the way applied, application date, and 
frequency of sprays along with coverage of the fungicide on 
the spike (Parry et al. 1995; Liggitt et al. 1997; Homdork 
et al. 2000). Moreover, the efficacy of fungicide relies on 
the interaction between the pathogen development, weather 
conditions, the virulence of the strains of the pathogen, and 
the pathosystems exhibit in the fields considered (Parry et al. 
1995; Mesterhazy and Bartok 1996).

Considering the fungicide use and determining the appro-
priate spray regime and right combinations of them will be 
preferred over a fungicide that demands no/little fungicidal 
activity under the different spray regimes. In addition, eval-
uating fungicides in combination with spray regimes for 
the management of FHB in areas where the environmental 
conditions are favorable for epidemic development of the 
disease across the environments may be a useful way for 
determining the effectiveness of the intended management 
approaches. Thus, this paper reports the results of a multi-
location field experiment conducted in southern Ethiopia. 
The objective was to determine an economically feasible 
time of application that consisted of fungicides and spray 
regimes to reduce FHB pressure and grain yield loss under 
field conditions in southern Ethiopia.

Materials and methods

Descriptions of experimental sites

The field experiments were conducted at Adiyo, Bonke, 
Chencha, Sodo Zuriya, and North Ari districts in southern 
Ethiopia during the 2019, a main cropping season. These 
locations constituted in Kafa (Adiyo), Gamo (Bonke and 
Chencha), South Omo (North Ari), and Wolaita (Sodo 
Zuriya) administrative zones in Southern Nation, Nationality 

and Peoples’ Regional state (SNNPRs), Ethiopia. These 
areas are selected based on the production potential of the 
crop and the importance of the disease, the areas are hot-
spots for the epidemic development of FHB. The altitude 
ranged from 2116 (at Sodo Zuriya) to 2786 (at Bonke) 
meters above sea level in the study areas. The field experi-
ments were carried out starting from late July (2019) and 
ending to January (2020) based on the onset and end of pre-
cipitation during the growing season in all locations. The 
details of the areas experimented with and their correspond-
ing geographical positions are depicted in Fig. 1. The study 
areas have a bimodal rainfall pattern where the short rainy 
season befalls from March to May and the main rainy sea-
son, July to November. Monthly minimum and maximum 
temperatures (oC), total rainfall (mm), and relative humid-
ity (%) of the study areas during the growing season were 
incurred from nearby meteorological stations and presented 
in Fig. 2. Diversified soil physic-chemical properties were 
observed in the experimental sites. In North Ari and Sodo 
Zuriya, the soil is distinguished by a moderately acidic pH 
(5.8–6.2) with moderate organic matter contents (4.96 and 
5.75%, respectively) and a textural class of clay-loam and 
sandy-loam, respectively. In Adiyo, the soil is strongly acidic 
pH (5.1) with high organic matter contents (11.56%) and 
clay-loam in textural class. While in Bonke and Chencha, 
the soil is characterized by a strongly acidic pH (4.9 and 5.3, 
respectively) with low organic matter contents that ranged 
from 0.25 to 1.05%, and sandy-loam (MoANR and EATA 
2016).

Treatments and experimental design

The study was carried out under natural epiphytotic envi-
ronments, and natural inoculation was considered to be the 
source of inoculum. The study was conducted using sys-
temic fungicides spray regimes. The evaluated fungicides 
were Tebuconazole (Natura 250 EW) and Propiconazole 
(Tilt 250 EC). The sprayed regimes were comprised applica-
tion of fungicides before and after disease onset. Susceptible 
wheat variety (Hidase) was used to receive a more precise 
cognition of the fungicidal effects against FHB. The vari-
ety was currently existed under production and potential 
yielder but known to susceptible to major diseases of wheat 
(MoANR and EATA 2018; Getachew 2020). The treatments 
are composed of two fungicides and spray regimes with the 
sole (Propiconazole and Tebuconazole) and mixed (Propi-
conazole + Tebuconazole with 1:1 ratio) application. A total 
of seven treatment combinations were designed, including 
the unsprayed control plots. The treatments were arranged in 
a randomized complete block design with four replications. 
The treatments were allocated at random to experimental 
plots within a block.
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Experimental procedures

Land preparation was done oxen-driven with four (Bonke 
and Chencha) to five (North Ari, Adiyo, and Sodo Zuriya) 
ploughing frequencies. Ploughing frequencies were depend-
ing on the characteristic nature of the soil in each loca-
tion. The trial field was designed with a total of 11.3 m 
width × 18.60 m length. The total field measurement was 
210.18 m2. The unit plot size was designed with 1.8 m width 
and 2.4 m length. The space between plots and adjacent rep-
lications was 1.0 m and 2.0 m, respectively. Seed sowing 
was done by hand (manually) on the date of 27th (at Sodo 
Zuriya) July and 4th (at North Ari) of August 2019, which 
were depending on agro-ecological conditions of the experi-
mental sites during the cropping season. Sowing date of the 
rest of the locations was found between these dates. The 
seeds were drilled in an inter-row spacing of 25 cm at the 
soil depth of 3 cm as per the recommendations advised by 

MoANR and EATA (2018). The plot was comprised of 10 
rows, and eight central rows of the plot were used for data 
collection, leaving the two border rows.

Based on the manufacturer's recommendation, Propi-
conazole at the rate of 0.5 L  ha−1 with 250 L water and 
Tebuconazole at the rate of 0.5 L  ha−1 with 300 L water was 
sprayed at 15-day intervals. Application of fungicide was 
started at the first disease symptom of FHB observed on the 
cultivar on Zadok growth stage of 61–69 (during anthesis) at 
Adiyo and North Ari, followed by Sodo, Bonke, and Chen-
cha at Zadok growth stage (ZGS) of 71–73 (post-anthesis) 
(Zadok et al. 1974). The spraying was continued as per pre-
arranged spray regimes and frequency for the fungicides in 
all locations. Three consecutive sprayings of fungicide were 
practiced during the growing period. Fungicide spray was 
accomplished using a manual knapsack sprayer regulated to 
deliver 500–700 L of water ha-1. The unsprayed plots were 
left as a control to allow maximum FHB development.

Fig. 1  Map of Ethiopian, SNNPR and experimental sites for fusarium head blight during the 2019 main cropping season
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The seed was obtained from Kulumsa Agricultural 
Research Center, Ethiopian Institute of Agriculture 
Research. Recommended NPS blended fertilizer rate 

(100 kg  ha−1) was applied in rows during planting. In addi-
tion, N-fertilizer at the rate of 200 kg  ha−1 was applied, of 
which 1/3rd of it during planting and 2/3rd of it on 35 days 

Fig. 2  Total rainfall (mm), mean monthly minimum and maximum temperatures (°C) and relative humidity (%) in Adiyo, Bonke, Chencha, 
North Ari and Sodo Zuriya districts in southern Ethiopia during the 2019 main cropping season
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after planting (DAP). Weeding and regular monitoring of 
the field were done appropriately and uniformly as per the 
recommendations to cultivate a successful crop production 
suggested by MoANR and EATA (2018). During tillering 
(ZGS of 20–30) to inflorescence (ZGS of 31–45), the entire 
plots were sprayed with Rex® Duo [Epoxiconazole + Thi-
ophanate-methyl] at the rate of 0.5 L  ha−1 with 300 L water 
to manage wheat rusts (Puccinia  spp.) and septoria net 
blotch (Septoria tritici) in all locations.

Data collection and analysis

Disease parameters

Disease parameters such as incidence, severity, and the area 
under disease progress curve (AUDPC) were used to find out 
the efficacy of fungicides and spray regimes against FHB. 
Disease incidence and severity were scored in 10-day inter-
vals, beginning from the initial visual characteristic symp-
toms of the FHB showed on the spikelet. Assessment of 
FHB incidence and severity was begun at ZGS of 61–69 (at 
Adiyo and North Ari) and 71–73 (Sodo, Bonke, and Chen-
cha). Twenty plants per plot were randomly taken from the 
middle rows to determine the disease severity. Disease inci-
dence (%) was calculated as the numerator of the number of 
plants showing disease symptoms and denominator of the 
total number of plants considered. Disease severity was rated 
following the 0–100% scale described by Robert and Marcia 
(2011). A total of five disease scoring was made per location 
in each plot and ceased with the crop attain physiologically 
mature, ZGS of 90 (soft dough stage). The average values 
of disease severity obtained from 20 assessed plants of each 
plot were used for data analysis.

The area under disease progress curve, which means the 
progression and buildup of disease on the whole spike or 
part of the spike during the epidemic periods, was computed 
from disease severity data recorded at different DAT for each 
plot following the formula advised by Campbell and Mad-
den (1990).

where n is the total number of disease assessments, ti is the 
time of the ith assessment in days from the first assessment 
date and xi is the disease severity of FHB at the ith assess-
ment. AUDPC value was expressed in %-days because sever-
ity (x) is expressed in percent and time (t) in days.

Yield parameters and relative yield loss assessment

Thousand seed weight (TSW) and grain yield (GY) were 
recorded from the middle eight rows of each plot. These 

AUDPC =

n−1
∑

i=1

0.5
(

X
i
+ X

i+1

)(

ti−1−ti
)

,

parameters were significantly associated with the effect of 
FHB (Gilbert and Haber 2013; Karasi et al. 2016; Shude 
et al. 2020). Grain harvesting was carried on 135 and 159 
DAP (ZGS of 100) at Sodo Zuriya and Bonke, respectively. 
Similarly, harvesting dates of the rest of the locations were 
found between these dates. The harvested grain yield of 
wheat was measured in kg and transformed into t  ha−1. 
Thousand seed weight was also assessed in gram (g) for 
each treatment on a plot basis. During harvesting, a mois-
ture content tester was used to determine the seed moisture 
content of the seed. Subsequently, the harvested grain yield 
was corrected at 12.5% based on the moisture content of 
the seed by following the procedure of Taran et al. (1998). 
Thousand seed weight was measured from randomly sam-
pled grains obtained from the total harvested grains of each 
plot and corrected them to 12.50% moisture content. On the 
other hand, the relative yield loss for each treatment was 
determined following the formula suggested by Robert and 
James (1991) as followed.

where Ybt = mean yield of the best treatment in the experi-
ment (maximum protected plot) and Ylt = mean yield of the 
other treatments (low to medium protected plots). Likewise, 
the relative yield for each treatment was determined as the 
ratio of the yield obtained from individual treatment com-
pared with the maximum yield obtained under treatment 
considered and multiplied by 100%.

Data analysis

Disease and yield-related parameters data were subjected 
to the analysis of variance (ANOVA) following the general 
linear model procedure of SAS version 9.2 (SAS 2009) to 
determine the treatment effects. Monomolecular, ln (1/1 – y), 
(Van der Plank, 1963) epidemiological model was applied 
for the estimation of rates of disease progression (RDP). 
The slope of the regression line, when transformed disease 
severity data were regressed over time, was used to estimate 
the disease progression rate. The five locations are believed 
as different environments, and consequently, Bartlett’s chi-
square test (Gomez and Gomez 1984) was employed to test 
for heterogeneous error variance. Bartlett’s chi-square test of 
the error variances for the parameters studied exhibited most 
of the parameters were heterogeneous of the data (Pr < χ2) 
across the locations. Although Bartlett’s chi-square test 
showed heterogeneous data, combined data analyses were 
performed across the locations. Mean separations between 
and among the treatments were achieved using Fisher’s pro-
tected least significant difference (LSD) at a 5% probability 
level (Gomez and Gomez 1984). The relationship between 

Relative yield loss (%) =
Ybt − Ylt

Ybt

× 100
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disease development and grain yield was examined through 
correlation and linear regression analysis. The linear regres-
sion analysis was assessed using Minitab® (Release 15.0 for 
windows® 2007).

Economic feasibility study

Economic feasibility analysis for FHB of wheat management 
option was computed by following the procedures described 
by CIMMYT (1988). During economic feasibility analysis, 
the total input cost of production, gross benefit, net benefit, 
and benefit–cost ratio were considered. The total input cost 
of production refers to the sum of all costs of variable and 
fixed input costs. The fixed cost included expenses of land 
rent, fertilization, and weeding and harvesting wages since 
these costs are the same for all plots. The expense of fungi-
cides, knapsack sprayer, and labor for fungicide application 
was considered under the variable cost of production. The 
gross benefit was determined as the products of unit mar-
ket price and grain yield. The net benefit was computed as 
the difference between the gross benefit and the total cost. 
The benefit–cost ratio is an index displaying the relation-
ship between the relative costs and benefit obtained and 
was incurred as the ratio of gross benefit and total cost of 
production. Before applying economic feasibility analysis, 
a statistically significant test was made for the collected data 
to relate the mean grain yield obtained between treatments. 
And then, as the differences between treatment means were 
detected, the economic feasibility analysis was performed 
for the tested management option of FHB.

The price of land rent per one growing period was $78.49, 
127.19, 127.19, 143.08, and 174.88 (at the exchange rates 
of United State $1 = Ethiopian birr 31.45) on a hectare basis 
in North Ari, Adiyo, Bonke, Chencha, and Sodo Zuriya in 
2019, respectively. The purchasing prices of NPS blended 
and N fertilizers were $42.43 and 39.11 per 100 kg of the 
bundle during sowing time, respectively. The costs of Propi-
conazole and Tebuconazole were $31.79 and 38.79 per liter, 
respectively. The cost price of the Knapsack sprayer was 
$38.16 as collected from the central market, Addis Ababa, 
Ethiopia. Based on the dominant wage rates in the areas, 
costs of labor per man per day were $1.11, 1.58, 1.58, 1.58, 
and 1.90 around North Ari, Adiyo, Bonke, Sodo Zuriya, and 
Chencha, respectively. The unit cost of the grain at Adiyo, 
Sodo Zuriya, North Ari, Bonke, and Chencha was $0.51, 
0.64, 0.67, 0.76, and 0.79  kg−1, respectively, at the time of 
selling in the market. All costs, expense cost and benefit 
obtained, were changed into a hectare basis for determining 
the economic feasibility of the additional costs in the man-
agement of FHB. The current grain yield was corrected by 
10% downward to assess the grain yield difference between 
the experiential research as well as the farmers’ practice 
could anticipate from similar treatment.

Results

Analysis of variance

The combined ANOVA of disease and yield-related 
parameters data exhibited significant variation between 
experimental treatments and locations (Table 1). Com-
bined ANOVA revealed significant effects on incidence, 
severity, AUDPC, and yield-related parameters due to fun-
gicides and spray regimes across the locations. Disease and 
yield-related parameters were significantly (P < 0.0001) 
affected by the locations and fungicides, and a significant 
effect of location by fungicide interactions. However, 
the variations due to spray regimes on these parameters 
showed various levels of significance at P > 0.05 (disease 
incidence) to < 0.0001 (grain yield) across the locations 
(Table 1). Except for incidence, all parameters were highly 
affected by the interaction of fungicides and spray regimes 
with various levels of significant (P < 0.01 to < 0.0001) 
under crosswise evaluations. Interestingly, the combined 
ANOVA exhibited significant (P < 0.001) interaction 
effects due to locations x fungicides x spray regimes on 
disease and yield-related (except, thousand seed weight) 
parameters under crosswise assessment (Table 1). The 
higher or lower difference of the mean square values of 
disease and yield-related parameters might be due to the 
effects of evaluated treatments and the locations. That is a 
fungicide, spray regimes, location, and the interactions of 
location x fungicide x spray regimes responded differently 
for FHB development, and consequently, affecting yield-
related traits during the growing periods.

Rate of fusarium head blight progression

Rates of disease progression, parameter estimates, and 
significant (P < 0.0001) levels for FHB development are 
exhibited in Tables  1 and 2. Disease progression was 
increased regardless of treatment combinations to its 
higher level at the final disease assessment date in all loca-
tions during the growing season, 2019 (Table 2). However, 
various levels of the mean RDP were observed among the 
locations and treatment combinations, fungicides x spray 
regimes. Crosswise assessment showed that the highest 
mean RDP (0.1051 units  day–1, R2 = 96.90%) was recorded 
at North Ari, followed by Sodo Zuriya (0.0434 units  day–1, 
R2 = 91.50%) and Adiyo (0.0374 units  day–1, R2 = 96.20%) 
compared with Bonke (0.0120 units  day–1, R2 = 85.20%) 
and Chencha (0.0142 units  day–1, R2 = 86.10%) in all inter-
action effects, fungicides x spray regimes. The overall 
RDP was relatively higher in North Ari than other loca-
tions during the growing season (Table 2).
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Regarding treatment combinations, the highest mean 
(0.0694 units  day–1, R2 = 84.50%) RDP was recorded 
on unsprayed control plot, followed by before (0.0664 
units  day–1, R2 = 84.20%) and after (0.0657 units  day–1, 

R2 = 95.00%) application of Propiconazole as compared 
to before (0.0159 units  day–1, R2 = 96.60%) and after 
(0.0186 units  day–1, R2 = 93.70%) application of Tebu-
conazole (Table 2). Rates of disease progression were 

Table 1  Analysis of variance for mean squares of disease score and yield-related parameters as affected by fungicides and spray regimes across 
the locations in southern Ethiopia during the 2019 main cropping season

DF = Degree of freedom;  DIf = Disease incidence at final date of assessment;  DSf = Disease severity at final date of assessment; AUDPC = Area 
under disease progress curve; RDP = Rates of disease progression estimated in unit  day−1; GY = Grain yield measured in t  ha−1; TSW = Thou-
sand seed weight; LOC = Location; FUN = Fungicide; SR = Spray regime; Fungicide * Spray regime = Interaction effect of fungicide * spray 
regime; Location * Fungicide = Interaction effect of location and fungicide; Location * Spray regime = Interaction effect of location and spray 
regime; LOC * FUN * SR = Interaction effect location, fungicide * spray regime; **** = Significantly different at P < 0.0001; ***Significantly 
different at P < 0.001; ** = Significantly different at P < 0.01; * = Significantly different at P < 0.05; ns = Not significant (P > 0.05); CV = Coef-
ficient of variation (%)

Source of variation DF DIf (%) DSf (%) AUDPC (%-days) RDP (units  day−1) TSW (g) GY (t  ha−1)

Location 4 7729.16**** 6383.91**** 1,176,171.32**** 0.0283**** 190.77**** 35.58****
Block (within location) 10 1403.94ns 2654.85** 210,716.41* 1.90ns 186.07ns 11.26ns

Fungicide 2 1516.73**** 3051.16**** 28.2014.57**** 0.0104*** 246.83**** 11.78****
Time of application 2 407.73ns 122.5** 27,528.81* 0.0314** 329.29*** 19.83****
Fungicide * Spray regime 4 169.29ns 112.83** 9310.52** 0.4723**** 78.75** 3.13***
Location * Fungicide 8 1097.97**** 1507.78**** 109,745.36**** 0.0063**** 173.98**** 3.00****
Location * Spray regime 8 124.51ns 192.74** 4376.27**** 0.0074ns 141.36ns 2.84**
LOC * FUN * SR 24 398.22*** 8527.70*** 43,047.51*** 0.2506ns 80.66ns 1.44***
Pooled error 80 105.38 98.40 10,242.41 4.25 20.31 0.38
Ground mean 39.47 28.35 304.77 0.0424 37.85 3.82
CV (%) 26.01 34.99 33.21 48.62 11.91 16.07

Table 2  Rates of disease 
progression (r) and estimated 
parameters using the 
monomolecular epidemiological 
model for fusarium head blight 
epidemic across the locations in 
southern Ethiopia during 2019 
main cropping season

a PROP = Propiconazole; and TEBU = Tebuconazole
b Initial and final disease severity (DS) of fusarium head blight recorded at 22 and 62 days after anthesis 
during the growing period, respectively
c Disease progress rate obtained from regression line of (ln (1/1–y)) disease severity against time of disease 
assessment; SE = Standard error of rate and parameter estimates (intercept)
d R2 = Coefficient of determination for the Monomolecular epidemiological model

Treatment combination Disease severity 
(%)b

Disease progress 
rate (units  day−1)c

SE of  RDPc SE of  interceptc R2 (%)d

DSi (%) DSf (%)

Location
 Adiyo 1.66 28.96 0.0374 0.0076 0.0939 96.20
 Bonke 1.11 12.21 0.0120 0.0012 0.0219 85.20
 Chencha 2.76 15.39 0.0142 0.0018 0.0438 86.10
 North Ari 11.68 51.62 0.1051 0.0253 0.1387 96.90
 Sodo Zuriya 3.66 33.57 0.0434 0.0082 0.0156 91.50

Fungicide* Spray  regimea

 Unsprayed 7.99 51.62 0.0694 0.0166 0.2079 84.50
 PROP * BDO 3.72 35.28 0.0664 0.0266 0.1696 85.20
 PROP * ADO 5.41 36.68 0.0657 0.0166 0.1723 95.00
 TEBU * BDO 2.24 16.69 0.0159 0.0042 0.0625 96.60
 TEBU * ADO 3.46 17.67 0.0183 0.0032 0.0850 93.70
 PROP + TEBU * BDO 1.22 16.95 0.0316 0.0206 0.0248 94.60
 PROP + TEBU * ADO 5.18 23.55 0.0298 0.0121 0.1824 87.50
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found slower on plots sprayed with the application of 
different fungicides and spray regimes than unsprayed 
control plots across the locations. Overall, results showed 
that the RDP at which FHB progression slowed when the 
different fungicides were applied before disease onset 
as compared to after disease onset and unsprayed plots 
across the locations. However, before and after applica-
tion of Tebuconazole resulted in maximum protection, 
thereby retarded FHB epidemic development (Table 2). In 
this regard, before and after application of Tebuconazole 
reduced mean RDP by 77.09 and 73.63%, respectively, as 
compared to unsprayed control plots.

Disease incidence, severity and area under disease 
progress curve

The mean results obtained from the combined ANOVA for 
disease incidence, severity, and AUDPC across the locations 
were presented in Table 3. Analysis of variance revealed 
significant (P < 0.001) interaction effects were observed 
on disease severity and AUDPC (Tables 1 and 3). Disease 
symptom was first observed at North Ari during the growing 
period. Typical distinctive symptoms of FHB were observed 
on spikes, and those consisted of water-soaked lesions on 
spikelets, which later appeared as whitened or bleached, 
and infected kernels look-alike premature, shriveled and 
shrunken, production of black spherical structures, and 
discolored with a whitish-brown appearance of the grain, 

while healthy heads were still green (Fig. 3). Under cross-
wise evaluation, the highest mean incidence (72.22%), sever-
ity (51.62%), and AUDPC (621.10%-days) were recorded 
at North Ari, while the lowest incidence (23.98%), sever-
ity (12.21%), and AUDPC (72.19%-days) were recorded 
at Bonke. However, no statistically significant differences 
were observed in the values of disease incidence, severity, 
and AUDPC recorded at Bonke and Chencha (Table 3). 
Generally, disease pressure was relatively higher in North 
Ari than in other locations. Accordingly, at Sodo Zuriya, 
Adiyo, Chencha, and Bonke the disease severity and 
AUDPC of FHB were less suffered by 34.97, 43.90, 70.19, 
and 76.35%, and 29.73, 56.26, 80.28, and 88.38% compared 
with the disease severity and AUDPC recorded at North Ari, 
respectively.

Concerning treatment combinations, the interaction of 
fungicides and spray regimes significantly altered FHB 
development as compared to the unsprayed plots (Table 3). 
The highest mean incidence (55.76%), severity (51.62%), 
and AUDPC (498.11%-days) indices were recorded from 
unsprayed plots. Incidence, severity, and AUDPC values 
recorded on unsprayed plots were not statistically dif-
ferent from the values recorded from plots sprayed with 
Propiconazole in both before and after disease onset appli-
cations under crosswise assessment (Table 3). Contrari-
wise, the lowest mean incidence (29.13%) was recorded 
from a mixed application (Propiconazole and Tebucona-
zole) before disease onset. Nonetheless, the magnitude 

Table 3  Disease development 
and yield-related parameters as 
influenced by interaction effects 
of fungicides and spray regimes 
across the locations in southern 
Ethiopia during the 2019 main 
cropping season

Mean values in the same column with different letters represent significant variation at 5% probability 
level.  DIf = Disease incidence at final date of assessment;  DSf = Disease severity at final date of assessment; 
AUDPC = Area under disease progress curve; TSW = Thousand seed weight measured in g; GY = Grain 
yield measured in t  ha−1; PROP = Propiconazole; TEBU = Tebuconazole; LSD = Least significant differ-
ence at 5% probability level; and CV = Coefficient of variation (%)

Treatments DIf (%) DSf (%) AUDPC (%-days) TSW (g) GY (t  ha−1)

Locations
 Adiyo 32.74bc 28.96b 436.43b 36.86b 2.87e

 Bonke 23.98d 12.21c 72.19d 41.40a 5.50a

 Chencha 29.71cd 15.39c 122.47d 37.60b 3.41c

 North Ari 72.22a 51.62a 621.10a 37.16b 2.47d

 Sodo Zuriya 38.69b 33.57b 271.67c 36.25b 4.82b

 LSD (0.05) 6.31 8.02 62.29 2.77 0.37
Fungicides * Spray regimes
 Unsprayed 55.76a 51.62a 498.11a 33.90c 2.80c

 PROP * BDO 43.12a−c 35.28ab 365.80a−c 36.93bc 3.53bc

 PROP * ADO 46.61ab 36.68ab 401.95ab 33.91c 3.17bc

 TEBU * BDO 31.56bc 16.69c 206.20c 42.75a 5.02a

 TEBU * ADO 31.62bc 17.67c 207.02c 39.42ab 4.19ab

 PROP + TEBU * BDO 29.13c 16.95c 192.36c 41.60ab 4.81a

 PROP + TEBU * ADO 38.48bc 23.55bc 261.98bc 36.47bc 3.18bc

 LSD (0.05) 16.82 17.38 191.98 5.43 1.11
 CV (%) 26.01 34.99 33.21 11.91 16.07
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of incidence obtained from the mixed application before 
disease onset was statistically in part with the values of 
incidence recorded from the application of Tebuconazole 
before and after disease onset and mixed application after 
disease onset (Table 3).

The lowest mean severity (16.69%) and AUDPC 
(192.36%-days) were recorded from plots sprayed with 
Tebuconazole and mixed application of fungicides before 
disease onset, respectively. No statistically significant 
differences were observed on the mean severity values 
obtained among the plots sprayed with Tebuconazole 
before disease onset and mixed application before and 
after disease onset. In addition, statistically similar results 
were observed among the values obtained from the mixed 
application of fungicides before and after disease onset 
and Tebuconazole before and after disease onset (Table 3). 
Application of Tebuconazole after disease onset, mixed 
application of fungicides before disease onset, and Tebu-
conazole before disease onset reduced mean disease sever-
ity by 65.77, 67.16, and 67.67%, respectively, compared 
with unsprayed control plots. Also, the mean AUDPC was 
reduced by 19.30, 26.56, 47.41, 58.44, 58.60, and 61.38% 
compared with the unsprayed one due to the application 
of Tebuconazole after disease onset, Tebuconazole before 
disease onset, and mixed application of fungicides before 
disease onset, respectively (Table 3).

Yield‑related parameters

The combined ANOVA for TSW and GY of wheat results 
are presented in Table 3. Interaction effects of fungicides x 
spray regimes significantly (P < 0.001) influenced TSW and 
GY across the locations (Tables 1 and 3). Different weights 
of TSW and GY of wheat were noted among treatments eval-
uated across the locations. Across the locations, the highest 
mean TSW (41.40 g) and GY (5.50 t  ha−1) were noticed at 
Bonke, while the lowest mean TSW (36.25 g) and GY (2.47 
t  ha−1) were recorded at Sodo Zuriya and North Ari, respec-
tively. Nevertheless, no statistically significant differences 
were observed for TSW among and between Bonke and the 
other locations. Grain yield productivity of wheat at North 
Ari suffered from the FHB damage and some environmental 
factors and was reduced by 13.94, 27.57, 48.76, and 55.09% 
compared with wheat production at Adiyo, Chencha, Sodo 
Zuriya, and Bonke, respectively (Table 3).

On the other hand, the highest mean TSW of wheat were 
obtained from plots treated with application Tebuconazole 
before disease onset (42.75 g), which was not significantly 
different from the mean TSW obtained from plots treated 
with the application of Tebuconazole after disease onset 
(39.42 g), and mixed application of fungicides before disease 
onset (41.60 g). The lowest mean TSW was obtained from 
plots of unsprayed and application of Propiconazole after 

Fig. 3  Typical characteristic symptoms of FHB on wheat under field condition. Infected spikelets with water-soaked lesions (A), fully infected 
spike which appeared as whitened or bleached (B), production of black spherical structures (C), premature, shriveled and shrunken of grain (D)
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disease onset, which were not significantly different from 
the mean TSW obtained from plots treated with the appli-
cation of Propiconazole before disease onset (36.93 g), and 
mixed application of fungicides after disease onset (36.47 g) 
(Table 3). The highest mean GY was obtained from plots 
treated with the application of Tebuconazole before disease 
onset (5.02 t  ha−1), which was significantly similar with the 
mean TSW obtained from plots treated with the mixed appli-
cation of fungicides before disease onset (4.81 t  ha−1), and 
Tebuconazole after disease onset (4.19 t  ha−1). The lowest 
GY was noted from the unsprayed plots (2.80 t  ha−1), which 
was significantly affected, and GY was reduced among the 
evaluated treatments across the locations. However, no sta-
tistically significant variations were observed on GY among 
and between the plots unsprayed and sprayed with Propicon-
azole before and after disease onset and mixed application 
of fungicides after disease onset (Table 3).

Estimation of relative yield loss

The estimated relative yield advantage and loss for the 
locations and treatment combinations are presented in 
Table 4. The mean relative yield advantage and loss were 
computed for each location and treatment combination. 
Bonke and maximum protected plot (application of Tebu-
conazole before disease onset) were used as a reference 
to calculate relative yield advantage and loss. However, 
grain yield advantages and losses were varied between 
and among the locations and well-performing and less 
performing treatment combinations. Maximum mean 
relative yield loss (55.09%) was computed at North Ari, 

followed by Adiyo (47.82%) and Chencha (38.00%) com-
pared with Bonke. Interaction of fungicides and spray 
regimes showed various levels of relative yield advantage 
over unsprayed control plots. Among the treatments, the 
application of Tebuconazole before disease onset attained 
the highest (100%) yield advantage over the other treat-
ments. On the other hand, the magnitude of grain yield 
loss was reduced as compared to the unsprayed control 
plots because of the interaction of fungicides and spray 
regimes. In this regard, the highest mean relative yield loss 
(44.22%) was calculated on unsprayed plots as compared 
to the maximum protected plot. Overall, the interaction 
of fungicides and spray regimes reduced FHB pressure, 
and consequently, the magnitude of yield losses across the 
locations (Table 4).

Relationship between fusarium head blight 
epidemics and grain yields of wheat

The associations between epidemiological parameters 
(severity and AUDPC) and GY were analyzed using cor-
relation analysis. Linear regression analyses were also 
performed to recognize the relationship between epidemio-
logical parameters and GY in relation to yield loss. Epi-
demiological parameters were used as a predictor variable, 
whereas GY was represented by the dependent variable in 
the regression analysis. Significant (P < 0.0001) relation-
ships (correlation and regression analysis) were observed 
between the epidemiological parameters and GY. The corre-
lation analysis exhibited negative correlations were observed 
between disease severity and GY (r = − 0.58) and AUDPC 
and GY (r = − 0.52) (Fig. 4).

Analysis of linear regression for these parameters was 
achieved under the plot-wise condition for each treatment, 
as shown in Fig. 4. About 33.70% of R-square (coefficient of 
determination) was estimated between disease severity and 
GY relationships. The value of the R-square for the relation-
ship between the AUDPC and GY was 27.20%. The relation-
ship diagram displayed as the effect of disease severity and 
AUDPC becoming higher the GY getting lower and vice 
versa. This indicated that the higher the disease severity and 
AUDPC, the less the effect of treatments evaluated in reduc-
ing FHB pressure. The gaps between the line and the points 
on the graphs deduced whether the regression analysis was 
captured a relationship as weak or strong. The closer the 
dots on the graph are to the line, the better the association 
and vice versa. In addition, the regression analysis equation 
attempted to find out the yield losses in every unit of disease 
severity and AUDPC progressions. The regression analysis 
equation revealed that in every unit progression of disease 
severity and AUDPC up to 0.0372 and 0.0032, respectively, 
losses of GY were crashed from wheat production (Fig. 4).

Table 4  Interaction effects of fungicides and spray regimes on rela-
tive yield loss of wheat caused by fusarium head blight across the 
locations in Southern Ethiopia during the 2019 main cropping season

GY = Grain yield measured in t  ha−1; RY = Relative yield; RYL = Rel-
ative yield loss; PROP = Propiconazole; and TEBU = Tebuconazole

Treatments GY (t  ha–1) RY (%) RYL (%)

Locations
 Adiyo 2.87 52.18 − 47.82
 Bonke 5.50 100.00 0.00
 Chencha 3.41 62.00 − 38.00
 North Ari 2.47 44.91 − 55.09
 Sodo Zuriya 4.82 87.64 − 12.36

Fungicides * Spray regimes
 Unsprayed 2.80 55.78 − 44.22
 PROP * BDO 3.53 70.32 − 29.68
 PROP * ADO 3.17 63.15 − 36.85
 TEBU * BDO 5.02 100.00 0.00
 TEBU * ADO 4.19 83.47 − 16.53
 PROP + TEBU * BDO 4.81 95.82 − 4.18
 PROP + TEBU * ADO 3.18 63.35 − 36.65
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Economic feasibility analysis

Results obtained from the economic feasibility study for 
the tested treatments were presented in Table 5. Variation 
in net benefit (NB) and benefit–cost ratio (BCR) among the 
evaluated treatments across the locations. The crosswise 
economic feasibility study revealed that the highest NB 
($3227.34  ha−1) and BCR (5.87) was observed at Bonke, 
while the lowest NB ($767.25  ha−1) and BCR (1.41) was 
observed at Adiyo. Results obtained from the combined 
analysis showed that application of Tebuconazole before 
disease onset exhibited the highest NB ($2513.56  ha−1) 
and BCR (4.73), followed by mixed application of fun-
gicides before disease onset (NB = $2388.71   ha−1 and 
BCR = 4.51). The lowest NB ($1253.55  ha−1) and BCR 

(2.82) were computed from the unsprayed plot of the treat-
ment (Table 5).

Discussion

A big proportion of the wheat production areas in Ethiopia 
in general and southern region in particular are sown with 
farm-saved seed as a source of seed (CSA 2018; Anteneh 
and Asrat 2020). Recurrent use of farm-saved seed may lead 
to developing the inocula load of several pathogens and dis-
semination of these pathogens to where the pathogens were 
not known previously in the areas. In Ethiopia, the newly 
emerging and even the existing diseases that were previously 
known as less important are from time to time becoming 

Fig. 4  Estimation of relationships between losses in grain yield of breed wheat and severity (left side) and area under disease progress curve 
(right side) of fusarium head blight across the locations in southern Ethiopia during the 2019 main cropping season

Table 5  Economic feasibility 
analysis for the management 
of fusarium head blight using 
fungicides with the time of 
application under lonely and 
in the combination of them 
across the locations in southern 
Ethiopia during the 2019 main 
cropping season

Mean unit price of grain yield per ton was 663.18 $, the exchange rate of 1$ = ETB 31.45, at the time 
selling of harvested grain during the 2019 cropping years. GY = Grain yield; AGY = Adjusted grain yield 
down to 10%; TIC = Total input cost; GB = Gross benefit; NB = Net benefit; BCR = Benefit–cost ratio; 
PROP = Propiconazole; and TEBU = Tebuconazole

Treatments AGY (t  ha−1) AGY (t  ha−1) TIC ($  ha−1) GB ($  ha−1) NB ($  ha−1) BCR

Locations
 Adiyo 2.87 2.58 545.31 1312.56 767.25 1.41
 Bonke 5.50 4.95 550.08 3777.42 3227.34 5.87
 Chencha 3.41 3.07 635.93 2439.59 1803.66 2.84
 North Ari 2.47 2.22 429.25 1482.35 1053.10 2.45
 Sodo Zuriya 4.82 4.34 581.88 2758.66 2176.79 3.74

Fungicide * Spray regimes
 Unsprayed 2.80 2.52 445.15 1698.70 1253.55 2.82
 PROP * BDO 3.53 3.18 529.09 2141.57 1612.48 3.05
 PROP * ADO 3.17 2.85 529.09 1923.17 1394.07 2.63
 TEBU * BDO 5.02 4.52 531.96 3045.52 2513.56 4.73
 TEBU * ADO 4.19 3.77 531.96 2541.98 2010.02 3.78
 PROP + TEBU * BDO 4.81 4.33 529.41 2918.12 2388.71 4.51
 PROP + TEBU * ADO 3.18 2.86 529.41 1929.23 1399.82 2.64
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important on major cereal crops, including maize, wheat and 
faba bean, produced in the country. According to the reports 
of 2018 presented by the Ministry of Agriculture and Natural 
resource and the Regional Bureau of Agriculture as well, the 
production of wheat had been constrained by the aggressive-
ness of the existing pathogens and previously unknown or 
less known pathogens to the country, and particularly in the 
southern region. Amongst the pathogens, fungi are consid-
ered as one of the main limiting factors in wheat production 
worldwide, including Ethiopia, causing substantial yield 
losses, poor quality, and reducing the cost-effectiveness for 
growers (De Villiers 2009; MoANR and EATA 2018). Of 
the fungal diseases, FHB is now a day ranked the 4th most 
economically significant plant fungal disease globally (Dean 
et al. 2012).

Currently, FHB has become of great importance and 
threatens wheat production in the country. The disease is 
not new for the country as well as the southern region of the 
country, but from time to time it becomes a greatly impor-
tant and major destructive disease next to rust diseases. Pre-
viously, the disease had known by no/little effect in wheat 
production. Previous research confirmed that FHB is a dev-
astating fungal disease that affects small grains cereal crops, 
wheat, barley, rice, and oat (Martin and Johnston 1982; Wil-
coxson et al. 1988; Shude et al. 2020). According to the 
Bureau of Agriculture in the southern region, Ethiopia, the 
FHB caused substantial yield losses both in terms of qual-
ity and quantity of the grain and price discounting in the 
market. As reported by Nielsen et al. (2014), Matny (2015), 
and Shude et al. (2020), the disease had participated directly 
in yield reduction through damaged kernels, and the associ-
ated mycotoxin production (deoxynivalenol), and by price 
discounting due to the losses of quality and quantity of the 
grain. Fusarium head blight causes significant yield losses 
in all small cereal grain crops growing areas of the world 
(Windels 2000; Pirgozliev et al. 2003; Hoover 2011).

In the current study, considering the importance of the 
disease and lack of research work, a study on the manage-
ment of FHB was conducted in the study areas. The study 
was carried out through fungicides and spray regimes. 
As reported by McMullen et  al. (1997) and Wilcoxson 
(1996), effective and consistent fungicide control of FHB 
had required the application of fungicides directly to small 
cereal crops, wheat and barley. During the study, a symptom 
of FHB was looked at the spike similar to research find-
ings reported by Murray et al. (2009), Mills et al. (2016), 
and Ghimire et al. (2020) on symptoms of infected spike 
due to FHB. Disease onset was relatively late at Bonke and 
Chencha than other locations. Results of the spatial analysis 
revealed that the highest mean RDP, incidence, severity, and 
AUDPC were recorded at North Ari, while the lowest mean 
results for these parameters were noted at Bonke. The vari-
ation in RDP, incidence, severity and AUDPC might be due 

to the weather conditions (Fig. 2), the susceptibility of the 
cultivar, fungicide application, spray regimes, earliness of 
the disease onset, and the inocula load within the environ-
ment in the areas for FHB development. Previous research 
reports indicated that the occurrence of favorable environ-
mental conditions and the abundance of inoculum before, 
during, and after anthesis of the crop resulted in severe epi-
demic development of FHB worldwide (Shaner 2003; Brown 
et al. 2011; Lenc 2015; Reis et al. 2016).

Although the presence of favorable weather conditions 
and susceptible cultivar to cause FHB epidemic, the RDP, 
incidence, severity, and AUDPC were lower at Bonke and 
Chencha. This might be due to the low abundance of inocula 
within the environment at high altitude in these locations. 
In fact, due to differences in climatic demands, and genetic 
and environmental adaptations within the species of FHB 
complex, Fusarium graminearum is capable of causing dis-
ease in a diversity of conditions in wheat-producing areas of 
the world (Parry et al. 1995; Lenc 2015). Earlier researchers 
reported that the favorable conditions for infection of FHB 
had prolonged periods (48–72 h) of high moisture, frequent 
precipitation, moderately warm temperature (15 to 30 °C) 
and the occurrence of high air currents. Such conditions 
were reliable in the study areas (Fig. 2), southern Ethiopia, 
during the study. However, the disease severity in any situa-
tion is related to inoculum pressure, weather conditions, and 
varietal susceptibility in the pathosystems, so the incidence 
of individual diseases varies from year to year and from 
site to site (Campbell and Madden 1990; Agrios 2005). On 
the other hand, RDP, incidence, severity, and AUDPC were 
significantly affected by interaction effects of fungicides 
and spray regimes under crosswise assessment. Among the 
treatments, application of Tebuconazole before disease onset 
was exhibited the most consistent ability to reduce FHB pro-
gression rates, incidence, severity, and AUDPC, followed 
by mixed application of fungicides before disease onset 
across the locations. Rates of disease progression, incidence, 
severity, and AUDPC were found to be profoundly higher on 
unsprayed control plots than all other sprayed plots.

The efficacy of fungicides in a different way of applica-
tion to manage FHB in small grain cereals had been exam-
ined in several research reports dating back to four decades 
(Hoover 2011; Shude et al. 2020). In most parts of the world, 
several fungicides, including Azoxystrobin, Benomyl, Car-
bendazim, Metconazole, Propiconazole, Tebuconazole, Thi-
abendazole, Triadimefon, and other fungicides have been 
evaluated for their efficacy in reducing the severity of FHB 
on wheat (Galich 1989; Boyacioglu et al. 1992; Homdork 
et al. 2000; Jones 2001; Caldwell et al. 2017). In this regard, 
the fungicides Propeconazole and Tebuconazole applied as 
sole and mixed with different spray regimes were conducted 
in the present study and showed significant reductions FHB 
pressures compared with unsprayed control plots. However, 
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the magnitude of disease reductions were varied between the 
two fungicides under sole and mixed application before and 
after disease onset. Tebuconazole exhibited higher disease 
control than Propiconazole. Similarly, mixed application 
of fungicides before disease onset showed higher disease 
control than the mixed application of fungicides after dis-
ease onset, next to sole application of Tebuconazole before 
disease onset.

The present finding on sole fungicide application against 
FHB was in agreement with the work of Homdork et al. 
(2000), Jones (2001), Pirgozliev et al. (2008), and Éverson 
et al. (2019) that confirmed the epidemics of FHB had sig-
nificantly reduced using a single application of Metcona-
zole, Pyraclostrobin, and Tebuconazole at an early stage of 
wheat under field conditions. In contrast to the present study, 
Caldwell et al. (2017) and Shude et al. (2020) reported that 
a single strategy had not enough to achieve significantly 
lower FHB pressure. The work had been done by Pirgozliev 
et al. (2008), and Caldwell et al. (2017) showed that mixed 
application of Prothioconazole + Tebuconazole at Feekes 
growth stage of 10.1 had significant effects on the epidemic 
development of FHB. Many research reports indicated that 
application of fungicides before FHB onset, during heading 
and early flower anthesis (Feeks growth stage of 10.1 to 
10.5) had lower disease pressure as compared to right after 
disease onset during the growing periods (Hutcheon and Jor-
dan 1992; Agrios 2005; Megumi et al. 2008; Pirgozliev et al. 
2008; Giraud et al. 2011; Caldwell et al. 2017). According 
to the report of Haidukowski et al. (2004), the application of 
some fungicides before disease resulted in 77% reductions in 
FHB severity. Reduced rates of progression and subsequent 
FHB development in the present study could be due to the 
role and spray regime of the fungicide through inhibition 
of lesion progression, infective inoculum production, and 
establishment of further infection in the field.

Analysis of variance of the tested treatments also exhib-
ited variations for yield-related parameters across the loca-
tions. Under crosswise assessment, Bonke received the 
highest TSW and GY than the other locations. Comparably, 
North Ari showed the lowest TSW and GY than the other 
locations. The lowest TSW and GY could be due to the high 
pressure of FHB and other factors in the study areas. Camp-
bell and Madden (1990) and Agrios (2005) confirmed the 
presence of a favorable pathosystem among the studied envi-
rons significantly favors the epidemic development of the 
pathogen, and consequently, affected the metabolic process 
of the crop and reduced the growth and yield-related traits 
of the genotype, and vice versa. In the current study, the 
highest TSW and GY were obtained from the application of 
Tebuconazole before disease onset, although which was not 
significantly different from plots sprayed with sole appli-
cation of Tebuconazole after disease onset, and the mixed 
application of fungicides before disease onset. The probable 

reason might be the fungicide could improve the wellbeing 
of the crop that carrying out the normal metabolic process, 
which might increase the probabilities to defy the pathogen 
outbreak and support the defense systems of the crop. In 
addition, variation in TSW and GY among the treatments 
evaluated might be due to varying levels of FHB severity 
and AUDPC due to the application of the fungicides with 
different spray regimes, environmental conditions, and other 
factors in the study areas. Various previous studies also con-
firmed fungicide application (Pyraclostrobin, Tebuconazole, 
Thiophanate-methyl, Pyraclostrobin + Metconazole, and 
Prothioconazole + Tebuconazole) had consistently reduced 
FHB pressure and provided the highest crop yield (Jones 
2001; Megumi et al. 2008; Caldwell et al. 2017; Bonfada 
et al. 2019; Shude et al. 2020).

Sole and mixed application of and different spray regimes 
and subsequent variation in FHB pressure could be respon-
sible for comparative yield advantages losses, which were 
obtained per treatment and locations, along with other fac-
tors. Fusarium head blight pressure was higher on unsprayed 
plots than the other sprayed plots, and this could be compa-
rably explained by spike damage on plots. Under the severe 
condition, the spikes are almost empty of grains as well as 
uneconomical due to shriveled and premature drying of the 
grain. In this condition, yield losses up to 100% would result 
due to FHB on wheat crops (Windels 2000; Pirgozliev et al. 
2003). While on the sprayed plots, the disease progression 
was reduced and stabilized towards the end of the epidemic 
period using a sole application of Tebuconazole and mixed 
application of fungicides before disease onset. Application 
of fungicide helped the plants to become healthy and endure 
the effects of the disease, and undertake normal metabolic 
functions, and led to a lessening of considerable grain yield 
losses. This reflection was consistent with the results of 
Jones (2001), Megumi et al. (2008), Caldwell et al. (2017), 
Bonfada et al. (2019), Shude et al. (2020) report of the sole 
or mixed application of fungicides had resulted in the low-
est diseases severity towards the end of growing periods on 
highly protected plots and enhanced yield-related attributes 
of wheat. Considering the medium intensity of wheat rusts 
and septoria leaf blotch disease, environmental conditions, 
and other factors might also be responsible for the grain 
yield losses in addition to FHB. The effects of these fac-
tors were not fully explained by the current study, and their 
confounding effect cannot be underestimated in the grain 
yield losses.

The correlation study revealed negative and highly sig-
nificantly association between epidemiological parameters 
and grain yield. The negative associations between epi-
demiological parameters and grain yield pointed out the 
magnitude to which FHB might bear on the grain yield. 
Additionally, the correlation analysis showed that FHB 
exhibited a considerable negative effect on the grain yield. 
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The result found in the current study was in agreement 
with the reports of Campbell and Madden (1990) and 
Agrios (2005) who reported that epidemiological param-
eters had been strongly associated with growth and yield-
related traits of the produced crop. On the other hand, 
a linear regression analysis was performed to observe 
the relationship of epidemiological parameters and grain 
yield under plot-wise assessment across the locations. In 
this study, both disease severity and AUDPC were used 
in predicting the yield losses. This was because to look 
which one more expressible in high yield losses prediction 
than the other one. Comparing to the two epidemiological 
parameters, disease severity at the final assessment date 
showed a higher grain yield loss predictor than AUDPC 
under crosswise assessment. Also, disease severity at the 
last date of assessment was better expressible for grain 
yield loss predictor as indicated by a higher (33.70%) 
coefficient of determination than AUDPC (27.20%). It 
was observed that as the disease severity and AUDPC 
getting higher, the grain yield becoming lower, implying 
that the higher the disease severity and AUDPC the more 
grain yield losses. Wheeler (1969), Campbell and Mad-
den (1990), and Agrios (2005) mentioned plant diseases 
had strongly associated with losses of growth and yield-
related traits of the crop in their every portion of disease 
progression.

In the current study, it was observed that the applica-
tion of fungicide exceedingly reduced disease pressure and 
increased grain yield over the unsprayed one across the 
location. The economic feasibility study showed that the 
highest and lowest NB and BCR were observed at Bonke 
and Adiyo, respectively. However, variation in NB and 
BCR might be affected by not only disease pressure and 
environmental factors but also the total input costs of pro-
duction in the locality. CIMMYT (1988) mentioned the 
high benefits incurred from a given commodity produc-
tion had strongly affected by the total cost of production, 
the time the crop produced, and the selling price of the 
product in the locality. An economic feasibility analysis 
also revealed the sole application of Tebuconazole before 
disease onset, followed by mixed application fungicides 
before disease onset exhibited the highest NB and BCR 
over the unsprayed and other sprayed plots. The high NB 
and BCR from the production of wheat with fungicide 
supplementation could be ascribed to high grain yield, 
and the low NB and BCR ascribed were attributed to the 
low grain yield due to high FHB pressures. To this, it was 
apparent that the uses of Tebuconazole before disease 
onset because since it showed most profitable over the 
other treatments and could be suggested for the producers. 

Similar reports on the profitability of crop field manage-
ment practices were presented by CIMMYT (1988) and 
Foster et al. (2017).

Conclusion

The study exhibited the tested treatments across the loca-
tions showed significantly varying levels of disease inci-
dence, severity, AUDPC, and yield-related parameters due to 
interaction effects of fungicides and spray regimes. Results 
obtained from the present study showed that North Ari and 
Adiyo were significantly suffered by FHB pressure, and con-
sequently, resulted in the lowest gain yield as compared to 
the other locations. While minimum FHB pressure and the 
highest grain yield were observed at Bonke and Chencha. 
Application of Tebuconazole and Propiconazole + Tebu-
conazole before disease onset and Tebuconazole after dis-
ease onset significantly reduce FHB pressure and increas-
ing grain yield of wheat, followed by mixed application of 
Propiconazole + Tebuconazole before disease onset. Overall, 
the evidence obtained from the current study showed that 
the use of fungicides in in combination with appropriate 
spray regimes had a pronounced effect in minimizing the 
epidemics of FHB and increasing grain yield of wheat across 
the locations. An economic evaluation for the tested treat-
ments showed the application of Tebuconazole before dis-
ease onset provided the highest net benefit and benefit–cost 
ratio compared with the other treatments. Thus, application 
of Tebuconazole before disease onset could be suggested 
to the study areas and elsewhere with similar agro-ecolog-
ical conditions to efficient management of FHB along with 
appropriate crop husbandry practices. However, mycotoxin 
production was not study in its quantification and yield qual-
ity losses. Therefore, further research focusing on mycotoxin 
production should be carried out for more effective and reli-
able management strategies development in FHB across the 
locations.
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