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Abstract: Overall, there is a major wish that European farmers implement integrated pest manage-
ment (IPM), particularly to reduce dependence on pesticides. In the European Rustwatch project,
partners conducted nineteen trials across nine different countries during 2020 and 2021 to investigate
different IPM strategies, focusing on controlling rust diseases in winter wheat. The trials included
the use of varieties with contrasting levels of resistance, variety mixtures, reduced fungicide rates,
thresholds, and Decision Support Systems (DSSs), and testing alternative products to fungicides. Six-
teen trials developed yellow rust (Puccinia striiformis f. sp. tritici) infections, and six trials developed
brown rust (Puccinia triticina) infections. Resistant varieties proved highly effective in keeping down
yellow rust infection, and variety mixtures also effectively reduced infection levels and stabilized
yields. Rust was fully controlled using 25% of standard fungicide rates, even under high disease
pressure. Using DSSs provided sufficient control of rust diseases and resulted in competitive net
economic returns due to fewer fungicide applications. The alternative products tested included two
biological control agents and four alternative chemistries, which all gave inferior and insufficient
control against rust compared with chemical fungicides. The trial work demonstrated that there are
good and reliable options for including IPM into disease control in wheat.

Keywords: Puccinia striiformis; Puccinia triticina; decision support systems; variety mixtures; fungi-
cides; biological control agents

1. Introduction

Wheat is a dominant cereal crop worldwide and very important as a staple food
resource. Multiple diseases can develop in the crop and are a major threat to wheat
production, including rust diseases (yellow rust caused by Puccinia striiformis f. sp. tritici,
brown rust caused by Puccinia triticina and stem rust caused by Puccinia graminearum).
All three rust diseases can cause yield reductions between 5% and 50%, depending on
the year, region and developmental stage of wheat at the time the epidemic starts [1].
Following significant epidemics of yellow rust, major economic losses have been measured
in Europe, Australia and the US [2,3]. No specific data exist that reflect the current economic
importance of brown rust and stem rust.
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Yellow rust is a major focus area for research and breeding programs due to the
ability of the fungus to overcome race-specific resistance genes just within a few seasons,
causing major changes in patterns of epidemics and subsequent yield losses [4]. Compared
with, e.g., Septoria tritici blotch (Zymoseptoria tritici) in Northwestern Europe, yellow rust
has been less of a problem in many countries due to the availability of sufficient genetic
resistance in commonly grown varieties. However, P. striiformis capacity to generate new
virulent races capable of overcoming varietal resistance has resulted in sudden epidemics in
varieties previously regarded as resistant. Particularly, since 2010, new races are spreading
widely and rapidly, causing severe yield losses [4]. This seismic change in the race structure
of P. striiformis has increased the pressure on breeders to produce new wheat varieties that
are resistant to these new races, but it has also put pressure on in-field crop management
practices and the use of fungicides. At the outset of a potential yellow rust epidemic in the
field, fungicide treatments are usually recommended as soon as the disease is observed to
prevent a yield-reducing epidemic [5]. Several fungicides belonging to the chemical groups
of azoles, strobilurins and SDHIs (succinate dehydrogenase inhibitors) are known to be
effective against rust diseases. If treatments are applied at the very early stages of infection,
reduced dose rates can be used and provide good control of yellow rust, whereas a delayed
treatment has proved to be less cost-effective [6]. Yield losses and benefits from the use of
fungicides strongly depend on the level of varietal resistance [7–9].

There is an overall aim and wish from policy makers to reduce the use of chemical
pesticides and promote more sustainable cropping practices, stimulated by different di-
rectives and stricter legislation for authorisation of pesticides. In the EU, these aims are
included in the Sustainable Use of Pesticides Directive (Directive 2009/128/EC of 21 Octo-
ber 2009), which is now part of legislation in EU Member States. A crucial element is the
use of integrated pest management (IPM), as defined in the eight IPM principles [10]. This
involves more focus on growing resistant varieties, inclusion of monitoring and decision
support systems before application of pesticides and use of alternative disease control
measures, including biological control agents (BCA). Despite intensification and promotion
of IPM from national organisations, fungicides are still the main disease control strategy;
typically, one to four treatments are applied per season depending on year, region and
general practice [5,11].

Variety resistance is an important IPM tool against pest and diseases and is considered
a cost-effective and environmentally friendly approach to control fungal diseases. Quali-
tative (major) resistance genes can confer full protection [12]. However, the deployment
of varieties carrying the same genes across large areas creates strong selective pressure on
pathogen populations. This pressure favours the emergence of virulent isolates capable of
infecting plants that were hitherto resistant and increases the frequency of such isolates [13].
Along with the frequency of virulent isolates increasing, varietal resistance is eroded and
will typically be considered to have broken down in a relationship commonly known as the
boom-and-bust cycle [14]. The current challenge is, therefore, to identify and/or optimise
agricultural practices to extend the lifetime of varieties’ resistance to diseases. Cropping
with variety mixtures has recently been noted as one method of reducing the selection
pressure for new more virulent pathogen isolates [15].

BCAs and alternative chemistries are often considered to be less harmful than con-
ventional fungicides due to fewer adverse health effects and negative impacts on the
environment [16]. BCAs and alternative chemistries are also thought to have a lower risk
of pathogens developing resistance due to their complex mode of actions. Only limited
research has been carried out searching for BCAs and other alternative chemistries for the
control of rust diseases under field conditions. Few field studies have shown that the use of
Bacillus subtilis (now called Bacillus amyloliquefaciens) against different pathogens like yellow
rust and powdery mildew (Blumeria graminis) gives low to moderate levels of disease
control and higher variability on control compared with synthetic fungicides [17,18].

Currently, only a few specific decision support systems (DSSs) addressing the control
of rust diseases in wheat have been adopted within farming practices, where decisions
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on rust control during the season rely on scouting or national monitoring systems. Crop
Protection Online is an example of a DSS combining control thresholds for all major diseases
in wheat into one system [19]. Yellow rust is considered a high priority disease, as such the
control threshold is very low, and control measures are recommended when 1–10% of the
plants are infected (disease incidence).

The current study presents results from the Horizon 2020 project Rustwatch, which,
among other elements, aimed at searching for a better IPM-based control of rust diseases
in wheat. In this part of the project, we investigated options for replacing conventional
fungicides with BCAs or alternative substances. Secondly, we designed specific IPM
trials placed across Europe, testing the efficacy of different IPM elements. These included
different varieties with contrasting levels of resistance, the effects of growing variety
mixtures, the potential for reducing fungicide rates or using alternative chemistries and
BCAs and using DSSs as a basis for when to apply fungicides.

2. Methods and Materials
2.1. Search for Alternative Control Products to Fungicides

Four field trials were conducted in 2019 in four countries (UK, DE, DK and FR),
which tested the same eight products listed in Table 1. Two treatments (2 and 3) included
fungicides with known efficacy on rust diseases, but these were applied at very reduced
rates. The efficacy on rust of the other test products were unknown but picked based on
seen efficacy on other pathogens. The dose applied using chitosan was variable depending
on the water volume applied, as 1 g of product was used per litre.

All four trials were conducted in moderately susceptible to susceptible varieties.
Details on treatments, varieties and disease severity is provided in Table 2. The trials used
randomised block design with either two, three or four replicates. In all four trials, the
plots were treated four times with the same products. To increase disease pressure in the
German and the Danish trials, they were artificially inoculated using spreader plants with
virulent yellow rust strains at the beginning of April.

Table 1. Active ingredients used in the field trials for control of yellow rust. Treatment nos. 1–9 cover
the substances used in the search for alternative substances in 2019. Products were applied at four
timings with ca. 10 day intervals. A: growth stage (GS) (BBCH) 31–32; B: GS 33–37; C: GS 45–51;
D: GS 61–65. The products annotated IPM were used in the IPM trials carried out in 2020 and 2021,
as given in Table 3. Specific products were provided from France (FR) or Denmark (DK) or by local
providers from the international chemical companies.

Treatment No. Product Name and Dose/ha Active Content Provider of Products

1 Untreated (Control)
2 0.25 L Folicur EW 250 Tebuconazole (250 g/L) Bayer Crop Science
3 0.1 L Comet Pro Pyraclostrobin (200 g/L) BASF AG
4 3.0 kg Phosphate DSPF 016 (K2HPO3) DE Sangosse, FR
5 3.0 kg Phosphate + 3.5 L Sulphur DSPF 016 (K2HPO3) + DSPF 011 (Sulphur) DE Sangosse, FR
6 4.0 L Serenade ASO + 0.1% Silwet Bacillus amyloliquefaciens Bayer Crop Science
7 0.1–0.2 kg Chitosan (1 g/L water) D-glucosamine + N-acetyl-D-glucosamin Santos Carballal, FR
8 3.0 kg Trianum P Trichoderma harzianum T-22 Bioplant, DK
9 7.0 L Sulphur DSPF011 (Sulphur) DE Sangosse, FR

IPM-trial 0.75 L Balaya Mefentrifluconazole + pyraclostrobin
(100 + 100 g/L) BASF AG

IPM-trial 0.5 L Elatus Era Prothioconazole + benzovindiflupyr
(150 + 75 g/L) Syngenta

IPM-trial 0.6 L Comet Pro Pyraclostrobin (200 g/L) BASF AG
IPM-trial 0.5 L Folicur EW 250 Tebuconazole (250 g/L) Bayer Crop Science
IPM-trial 2.0 L Prev-gold Orange oil 60/g/L ORO Agri International, FR
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Table 2. Trial information from the four trials carried out in 2019 testing different BCAs and alternative
chemistries. Data include country, variety, timing of fungicide applications, severity of yellow rust
disease and information on harvest.

Country Variety Fungicide Timings Level of Yellow Rust on Flag Leaf/2nd
Leaf by Late Season Harvest

France Grapeli 9/4; 16/4; 29/4; 7/5 63%/93% Major yield responses
UK Reflection 23/4;10/5; 20/5; 29/5 29%/100% Major yield responses

Germany Rumor 30/4; 14/5; 24/5; 7/6 0.1%/0.1% No clear yield response
Denmark Kalmar 25/4/6/5; 20/5: 3/6 20%/5% No harvest

The French trial was carried out in Boigneville, south of Paris. The plot size was
11.3 m2, with three replicates. The crop was sown on the 25th of October 2018 and harvested
on the 31st of July. The UK trial was conducted near Cambridge in the east of England. Plot
size was 24 m2 in each of the four replicates. The crop was sown on the 24th of October
2018 and harvested on 21st August 2019. The German trial was carried out in Dahnsdorf
(Brandenburg). Plot sizes were 13 m2 and four replicates were laid out. The trial was sown
at the end of September 2018. The trial was harvested on the 18th of July. The Danish trial
was carried out near Slagelse, using small plots of 6.3 m2 and two replicates. The trial was
sown on the 28th of September 2018 and this trial was not taken through to harvest.

2.2. IPM Split-Plot Trials

Different IPM strategies were evaluated using different control strategies to quantify
the yield and economic impacts of rust infection and assess options for minimising disease
outbreaks and associated yield losses. Winter wheat crops were planted in the autumn
months 2019 and 2020, respectively, and were monitored through the 2020 and 2021 summer
seasons. Nineteen trials were carried out in the following nine countries: AU (Denmark),
HIR (Sweden), LLU (Latvia), INTIA (Spain), AS.A.R. (Italy), NIAB (UK), NPPC (Slovakia),
JKI (Germany) and ARVALIS (France).

The locations of the trials are visualised in Figure 1. All countries involved are known
to regularly or occasionally have problems with rust infections in wheat. With the exception
of the Italian wheat, which used durum wheat, trials were carried out in soft wheat. All
partners used a split-plot design, with varieties as the main factor and fungicide treatments
as the secondary factor. Depending on the locality, three or four replicates were included.
Each trial included a rust-susceptible variety, a variety with a lower risk of severe disease
development (a moderately susceptible variety (slow ruster)), a rust-resistant variety and
a mixture of these three varieties. For each of the varieties, the following strategies were
applied: (1) untreated control, (2) full fungicide program using four times 50% of the
standard dose rates of different fungicides (treatment frequency (TF) = 2), (3) similar to
treatment two but using reduced dose rates, four times of 25% standard rates (TF = 1),
(4) treatment using alternative chemistries and BCAs and (5) strategy where DSSs were
used as the basis for when application should take place. The calculation of treatment
frequency (TF) was calculated using the total input of fungicides per hectare, based on
standard dose rates of active ingredients, as given by Kudsk et al. [20].

All partners followed a similar trial protocol (Table 3), with the choice of varieties
adjusted to fit local practices. First application took place at GS 31–32 and the following
three applications with ca. 10 day intervals. The DSS applied was also adjusted to local
conditions. This strategy proved slightly difficult to summarise, as, in some countries, only
rust was included in the decision making, while others also included the control of Septoria
tritici blotch (STB) (Zymoseptoria tritici). To ensure infection of yellow rust, 9 of the 19 trials
were artificially inoculated with yellow rust using spreader plants once or twice in spring.
All trial details are shown in Tables 4, S1 and S2.
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Figure 1. Locations of IPM rust trials in 2020 and 2021.

Table 3. Treatments in the IPM Rustwatch trial with five treatments in the three varieties and the
variety mixture carried out in 2020 and 2021. The active components of the products are listed in
Table 1. GS—growth stage (BBCH).

Treatments GS 31–32 GS 33–37
+10 Days

GS 45–51
+10 Days

GS 65
+10 Days

1. Untreated control
2. High input 0.6 L Comet Pro 0.75 L Balaya 0.5 L Elatus ERA 0.5 L Folicur
3. Low input 0.3 L Comet Pro 0.375 L Balaya 0.25 L Elatus ERA 0.25 L Folicur
4. Alternative products * 7.0 L Sulphur 4.0 L Serenade ASO 7.0 L Sulphur 4.0 L Serenade ASO
5. Sprayed following DSS

* In 2021, 2.0 L Prev-gold was used as the alternative chemistry in all four applications.

Table 4. Information on individual varieties included in the IPM trials in 2020 and 2021.

Country Resistant Varieties Moderately Susceptible
Varieties (Slow Ruster) Susceptible Varieties Year

DK Informer Sheriff Benchmark 2020/2021
SW Informer Julius Memory 2020/2021
FR KWS Extase LG Absalon Amboise 2021
UK Crusoe KWS Zyatt JB Diego/Skyfall 2020/2021
DE Informer Sheriff Rumor 2020/2021
SK PS Jeldka PS Puqua PS Sunanka 2020/2021
LA Informer Kalmar Julius 2020/2021
ES Nudel Filon Camargo 2020
ES Mufasa Marco polo Camargo 2021
IT 467175 Aureo Monastir 2020/2021 (SR)
IT Iride Monastir Tirex 2020/2021 (YR)

Disease assessments were carried out following the EPPO guideline 1/26 (4) [21].
Individual leaf layers were assessed as % of symptomatic leaf area approximately every
ten days starting at first application. However, mainly assessments carried out at growth
stage (GS) 65 and 75 were included in the analysis. Disease severity scores in individual
trials are shown in Table S1.
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Trials were harvested and grain yields were measured for each plot, which were
adjusted to 85% dry matter. Additionally, grain quality parameters like specific weight,
thousand grain weight (TGW), % protein and % gluten content were measured in some
trials (15 trials with TGW, 14 trials with % protein, 16 trials with specific weight and 8 trials
with gluten). Protein and gluten content, as well as specific weight, were measured using
near infrared spectroscopy (NIRS) (e.g., Infratec 1241 Grain Analyzer from Foss, Hillerød,
Denmark), while TGW was measured using a seed counter (e.g., Contador, Pfeuffer GmbH,
Kitzingen, Germany), followed by weighing. The overall effects of varieties and mixtures
on grain quality were summarised across all trials. In this analysis, data from untreated
control and alternative chemistry were merged (Group 1), as they did not differ significantly
with respect to disease severity and yields. Similarly, the high and reduced dose rates with
fungicides were grouped (Group 2) because of even performances, while the treatments
based on DSSs were kept out of this analysis.

To determine whether any economic benefits were gained from increases in yield, the
cost of treatments was calculated. As the costs vary across Europe, a standard cost was
estimated based on the following: grain price of 20 EUR/dt; cost of high fungicide dose
per treatment plus cost of application reached 41.60 EUR/ha (2.08 dt/ha), which gave a
cost equivalent to 8.32 dt/ha for four applications; cost of low dose fungicide per treatment
equalled 1.26 dt/ha per application, leading to a cost of 5 dt/ha using four treatments;
alternative product cost per treatment was estimated equal to the cost of the full chemical
treatment, being equal to 8.32 dt/ha using four applications. The cost of the DSS treatments
varied widely across the trials, but across all trials, the cost was fixed to 4.16 dt/ha in total,
equivalent to two applications in susceptible varieties, one application in the mixtures
and slow rusters equivalent to 2.1 dt/ha and only 0.5 application in the resistant variety
equivalent to 1.05 dt/ha.

2.3. Statistical Analysis

The rust disease severity and yield performance were analysed for all combinations
using the Student–Newmann–Keuls method (p = 0.05) with Agricultural Research Manage-
ment (ARM 2021) software (Gylling Data Management, Inc., Brookings, SD, USA).

The effects on grain quality parameters were analysed across all trials using R for the
statistical analyses. This was performed using RStudio version 1.2.5019 [22], with α = 0.05
for all tests.

3. Results
3.1. Search for Alternative Control Products to Fungicides

In 2019, only three of the four trials used for screening the efficacy of alternative
products developed yellow rust. The French trial developed a severe yellow rust attack,
starting mid-April. The final assessment, conducted 20 days after the final application,
conveyed that the disease control from the alternative solutions was not significantly dif-
ferent from untreated, while both conventional fungicides significantly reduced disease
levels (Table 5). Four applications with Folicur (tebuconazole) increased yields by 44 dt/ha
and with Comet Pro (pyraclostobin) by 19 dt/ha; the rest of the treatments did not al-
ter yields compared with the untreated control. Yellow rust infection developed in the
UK trial by the start of the first treatment applications in mid-May. Efficacy from these
treatments was observed from the 25th of June, ca. one month after the last application
(Table 5). Again, no clear effects were seen from the alternative products at any of the as-
sessment dates. Yields in the trial were relatively low, with untreated controls only yielding
28.6 dt/ha. While none of the alternative treatments provided significant yield increases,
the best treatment using four times 25% rate of tebuconazole provided ca. 40 dt/ha in yield
increases (Table 5). The Danish trial developed moderate levels of yellow rust infection
(20% on the flag leaf at GS 73). The alternative products tested gave between 20% and 50%
control as an average of the two replicates (Table 5). In the German trial, no significant
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infection of yellow rust developed despite inoculation of the trial site, the main reason
being extreme drought conditions.

Table 5. Screening the efficacy of alternative products for yellow rust control in winter wheat. Data
from three trials carried out in the UK, France and Denmark in 2019. Yellow rust data are presented
as the average disease on the 2 upper leaves at GS 73–75 (flag leaf and 2nd leaf), assessed 20–30 days
after last application. Figures followed be different letters indicate significant differences at 95% level.

% Yellow Rust on Upper Two Leaves Yield dt/ha

Denmark France UK France UK

Untreated control 20.0 a 78.0 a 56.4 a 37.98 28.58
0.25 L Folicur EW 0.05 d 0.1 c 4.0 c 83.39 68.36
0.1 L Comet Pro 2.5 c 26.0 b 47.7 b 57.09 40.57
3.0 Phosphonate 15.0 ab 75.5 a 57.0 b 38.56 29.68

7 L Sulphur 16.0 ab 78.0 a 58.0 b 36.75 31.79
4 L Serenade ASO 12.5 b 74.3 a 57.5 b 38.62 29.47

3 kg Trianum P 10.0 b 78.0 a 60.0 b 36.75 29.67
3 kg Phosphonate + 3.5 L Sulphur 11.5 b 74.0 a 58.0 b 38.51 29.41

0.1–0.2 kg Chitosan 13.5 ab 78.0 a 62.5 b 35.52 27.62

LSD95 values 3.6 4.0

Different letters indicate significnat differences betwwen means (p < 0.05).

The results from the three trials with significant levels of yellow rust infection were
similar. The tested alternatives showed low and/or inferior control even in comparison
with very reduced dose rates of tebuconazole or pyraclostrobin (Figure 2). Two of the trials
also showed significantly positive yield responses to conventional fungicides, while only
minor yield increases were observed in any of the tested alternatives.
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Figure 2. (Top): Control of yellow rust (%) using different fungicides and alternatives to fungicides
applied at four timings. The disease was assessed on the two upper leaves. Average of three trials
carried out in France, UK and Denmark in 2019. (Bottom): average Yields (dt/ha) from two trials in
France and UK following four applications with different treatments. LSD95 = 3.2.

3.2. IPM Trials: Disease Data

The Rustwatch partners conducted 19 trials in nine different countries during 2020 and
2021 following a similar trial protocol. Yellow rust and brown rust developed differently:
16 trials had significant yellow rust infection, 6 trials developed a low to moderate infection
of brown rust, and 1 trial experienced very minor levels of stem rust, which was too minor
to be addressed specifically. Overall disease developments of rust varied more by site
and cultivar than by year, which statistically gave no reason to separate data by year. As
expected, the varieties categorised as susceptible had the highest level of yellow rust. The
moderately susceptible varieties low to moderate disease, in line with the mixture, and no
or very little rust was seen in the resistant cultivar (Figure 3).

Agriculture 2024, 14, 821  8  of  19 
 

 

 

Figure 2. Top: Control of yellow rust (%) using different fungicides and alternatives to fungicides 

applied at four timings. The disease was assessed on the two upper leaves. Average of three trials 

carried out in France, UK and Denmark in 2019. Bottom: average Yields (dt/ha) from two trials in 

France and UK following four applications with different treatments. LSD95 = 3.2. 

3.2. IPM Trials: Disease Data 

The Rustwatch partners conducted 19 trials in nine different countries during 2020 

and 2021 following a similar trial protocol. Yellow rust and brown rust developed differ‐

ently: 16 trials had significant yellow rust infection, 6 trials developed a low to moderate 

infection of brown rust, and 1 trial experienced very minor levels of stem rust, which was 

too minor to be addressed specifically. Overall disease developments of rust varied more 

by site and cultivar than by year, which statistically gave no reason to separate data by 

year. As expected, the varieties categorised as susceptible had the highest level of yellow 

rust. The moderately susceptible varieties low to moderate disease, in line with the mix‐

ture, and no or very little rust was seen in the resistant cultivar (Figure 3). 

 

Figure 3. Distribution of yellow rust severity  in untreated control plots  in 16 winter wheat trials 

conducted during 2020 and 2021. Data represent the three variety groups and the mixture of the 

three. Assessments are scored between GS 73 and 77 on the two upper leaves. 

Variable levels of control were achieved from the four different control strategies (Ta‐

ble 6). The high  input  treatments  (TF = 2),  involving  four applications, provided good 

control of yellow rust in all trials. The strategies using reduced rates (TF = 1), also provided 

good control, even in the most susceptible varieties. The strategy using alternative prod‐

ucts, with Serenade ASO and Sulphur in 2020, or Orange‐oil in 2021, provided insufficient 

0 10 20 30 40 50 60 70 80

 0.1‐0.2 kg  Chitosan

Untreated

3 kg Phosphonate + 3.5 L sulphur

4 L Serenade ASO + 0.1 %Silwet

3 kg Trianum P

3 kg Phosphonate

 7 L  Sulphur

0.1 L Comet Pro

0.25 L Folicur 250 EW

Harvested grain dt/ha

Figure 3. Distribution of yellow rust severity in untreated control plots in 16 winter wheat trials
conducted during 2020 and 2021. Data represent the three variety groups and the mixture of the three.
Assessments are scored between GS 73 and 77 on the two upper leaves.

Variable levels of control were achieved from the four different control strategies
(Table 6). The high input treatments (TF = 2), involving four applications, provided good
control of yellow rust in all trials. The strategies using reduced rates (TF = 1), also provided
good control, even in the most susceptible varieties. The strategy using alternative products,
with Serenade ASO and Sulphur in 2020, or Orange-oil in 2021, provided insufficient
control of rust. The strategy using DSSs as guidance for treatment applications provided
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good control and reduced the number of applications, in some cases to no applications,
depending on the variety’s susceptibility and the trial location (Table S2). The average level
of infection over the three solo varieties was greater than that seen in the variety mixture
(Table 6). In untreated plots, the % of yellow rust infection in the mixtures was reduced by
62% and 29%, respectively, at the two timings presented, compared with the average of the
individual components in the mixtures.

Table 6. Average yellow rust severity (%) assessed at growth stage GS 65 on leaf 2 in 11 trials (top)
and at GS 75 on leaf 1 in 16 trials (bottom) from 2020 and 2021.

Yellow Rust, GS 65,

Varieties

Untr.
Control

4 × ½ Rates
Fungicides

4 × ¼ Rates of
Fungicides

4 × Alternative
Products

Treatments
according to DSS

Mixtures 1.7 0 0 1.2 0.9
Susceptible 9.5 0.01 0.06 6.7 1.6

Moderately susceptible 3.9 0 0 3.5 0.6
Resistant 0.01 0 0 0.03 0.1

Avg. single varieties 4.5 0.0 0.02 3.4 0.9

LSD95 1.3; standard deviation: 2.9

Yellow Rust, GS 75

Varieties

Untr.
Control

4 × ½ Rates
Fungicides

4 × ¼ Rates of
Fungicides

4 × Alternative
Products

Treatments
according to DSS

Mixtures 10.0 0.1 0.4 9.1 3.6
Susceptible 31.8 0.7 0.7 25.6 6.4

Moderately susceptible 10.2 0.1 0.5 7.9 2.5
Resistant 0.2 0.1 0.1 0.2 0.4

Av. single varieties 14.1 0.3 0.4 11.2 3.1

LSD95 1.9; standard deviation: 5.0

The six trials that developed brown rust infections (Table 7) had on average 3.5% of
disease in the untreated, with the maximum disease severity in an individual trial reaching
15% on flag leaves. All tested varieties developed low to moderate brown rust disease. Both
the treatments with high and reduced input of fungicides provided full control of brown
rust in all trials. The strategy using alternative products provided insufficient control of
brown rust. The strategy using a DSS as guidance for treatments achieved only moderate
control. This might be a result of recommendations mainly having focused on yellow rust
control and not on brown rust. The severity of brown rust in the variety mixtures compared
with the average of the three components was either similar or slightly lower. On average,
brown rust infection levels in the mixtures’ untreated plots had an 11% disease reduction
compared with the average of the individual varieties.

Table 7. Average brown rust severity (%) assessed on flag leaf at GS 75 in six trials from 2020
and 2021.

Brown Rust, GS 75

Varieties

Untr.
Control

4 × ½ Rates
Fungicides

4 × ¼ Rates of
Fungicides

4 × Alternative
Products

Treatments
according to DSS

Mixtures 3.1 0.0 0.0 2.4 1.0
Susceptible 3.5 0.0 0.1 2.3 1.3

Moderately susceptible 3.8 0.0 0.0 2.8 0.5
Resistant 3.3 0.1 0.0 1.7 1.5

Av. single varieties 3.5 0.05 0.0 2.3 1.1

LSD95: 0.7; standard deviation: 0.7
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Six trials also developed septoria tritici blotch (STB), with ca. 16% infection on leaf 2
(leaf 1 from the top) and 8% on the flag leaf (Table 8). All treatments provided some control
of this disease, showing similar control patterns as for rust diseases. For STB, infection
levels in the variety mixtures were not reduced compared with the average infection
levels observed in the three varietal components of the mixture. One trial also developed
significant infection of tan spot, with 15% severity on leaf 2 (data not included).

Table 8. Average Septoria tritici blotch severity (%) assessed on flag leaf at GS 75 in six trials from
2020 and 2021.

Septoria, GS 75

Varieties

Untr.
Control

4 × ½ Rates
Fungicides

4 × ¼ Rates of
Fungicides

4 × Alternative
Products

Treatments
according to DSS

Mixtures 8.1 0.9 1.6 7.3 5.8
Susceptible 5.7 1.7 2.5 5.3 2.8

Moderately susceptible 1.5 0.7 1.2 1.6 0.9
Resistant 5.4 1.1 1.5 2.6 2.9

Avg. single varieties 4.2 1.2 1.7 3.2 2.2

LSD95: 1.6; standard deviation: 2.5

3.3. Yield Effects

All 19 trials were harvested, and average yield data are shown in Table 9. The yield
variation of the untreated varieties is shown in Figure 4, showing an overall lower yield in
the most susceptible varieties. Depending on the susceptibility of the variety, yield increases
from the better treatments varied between 5 and 15 dt/ha. Yield increases from the most
effective treatments in the most susceptible variety, the moderately susceptible variety and
the resistant variety were 14 dt/ha, 8 dt/ha and 5 dt/ha, respectively. Slight differences
were measured between high and low fungicide input, although the overall output did
increase slightly, but not significantly, using a higher input. Treatments using alternative
products did not yield significantly differently from untreated. Treatments following
DSSs gave statistically significant increases, but these increases were below the standard
treatments using either high or low input. In 8 of the 19 trials, where severity of yellow rust
was higher than 20%, the corresponding yield responses were also higher (Table 9). The
yield increases in these trials with the most susceptible varieties, the moderately susceptible
varieties and the resistant varieties were 27 dt/ha, 15 dt/ha and 10 dt/ha, respectively.
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Table 9. Yields (dt/ha) in 19 trials across two seasons in 2020 and 2021 with average data from all
trials (upper portion). Lower portion are data from eight trials with more than 20% of yellow rust.
Numbers in bracket show relative yields (%) within the same variety group.

Yield dt/ha, 19 Trials

Varieties
Untr. Control 4 × ½ Rates

Fungicides
4 × ¼ Rates of

Fungicides
4 × Alternative

Products
Treatments

according to DSS

Mixtures 78.7 (100) 87.9 (112) 86.7 (110) 78.4 (100) 83.8 (106)
Susceptible 72.1 (100) 86.8 (120) 86.3 (120) 73.9 (102) 82.9 (115)

Moderately susceptible 78.1 (100) 86.7 (111) 85.3 (109) 78.2 (100) 83.0 (106)
Resistant 81.3 (100) 86.9 (107) 86.5 (106) 82.8 (102) 83.1 (102)

Avg. single varieties 77.2 (100) 86.8 (112) 86.0 (111) 78.3 (101) 83.0 (108)

LSD95 = 1.9; standard deviation: 4.9

Yield dt/ha, 8 Trials

Varieties
Untr. Control 4 × ½ Rates

Fungicides
4 × ¼ Rates of

Fungicides
4 × Alternative

Products
Treatments

according to DSS

Mixtures 84.5 (100) 100.8 (119) 99.7 (118) 85.9 (102) 94.1 (111)
Susceptible 73.2 (100) 100.9 (138) 99.3 (136) 75.0 (102) 92.4 (126)

Moderately susceptible 85.7 (100) 100.8 (118) 97.8 (114) 86.1 (100) 96.7 (113)
Resistant 91.7 (100) 101.6 (111) 100.8 (110) 93.7 (102) 93.8 (102)

Avg.single varieties 83.5(100) 101.1 (121) 99.3 (119) 84.9 (102) 94.3 (113)

LSD95 = 2.7; standard deviation: 5.1

The average yield benefit gained from the variety mixture compared with the average of
the single varieties was 1.5 dt/ha (1.9%) in untreated plots across all 19 trials, while yield benefits
were lower (ca. 1%) in the treated plots. In the eight trials with most severe disease, the yield
benefit in untreated was 1 dt/ha (1.2%), while no yield benefit was seen in the treated plots.

3.4. Net Yield: Economical Return

Based on the calculated cost of treatments and net yields measured as dt/ha, the economic
benefit (EUR) was calculated for the different treatment programs (Table 10). Both fungicide
treatment programs (on average) provided a positive economic benefit, although the high
input program did not provide an economic benefit in the resistant variety. The reduced rate
program (TFI = 1) provided overall a better economic return than the high input program. The
use of alternative products gave a negative economic return due to the lack of yield increases.
Treatments according to DSS also gave good yield responses in line with the low input
fungicide strategy. The eight trials with more severe levels of yellow rust showed generally
better net economic returns from the low fungicide input strategy, although differences
between the DSS strategy and the higher and lower input were limited.

Table 10. Average yield (untreated) and net yield increases (benefit) (dt/ha) in 19 trials across
two seasons in 2020 and 2021 (top), and 8 trials with significant levels of yellow rust (below) (the cost
of application and chemistry has been deducted).

Yield dt/ha, 19 Trials

Varieties
Untr.

Control
4 × ½ Rates
Fungicides

4 × ¼ Rates of
Fungicides

4 × Alternative
Products

Treatments
according to DSS

Mixtures 78.7 1.0 3.0 −8.5 3.0
Susceptible 72.1 6.5 9.2 −6.4 6.6

Moderately susceptible 78.1 0.4 2.2 −8.1 2.8
Resistant 81.3 −2.6 0.2 −6.7 0.8

Average benefit 1.3 3.6 −7.4 3.3

Yield dt/ha, 8 Trials

Varieties
Untr.

Control
4 × ½ Rates
Fungicides

4 × ¼ Rates of
Fungicides

4 × Alternative
Products

Treatments
according to DSS

Mixtures 84.5 8.1 10.2 −6.8 7.5
Susceptible 73.2 19.5 21.1 −6.4 15.0

Moderately susceptible 85.7 6.9 7.1 −7.8 8.9
Resistant 91.7 1.7 4.0 −6.2 1.1

Average benefit 9.1 10.6 −6.8 8.1
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The economic benefit from treating a very rust-susceptible variety with a fungicide
program was ca. 20 dt/ha (=400 EUR/ha), highlighting the necessity for an urgent response
during a rust outbreak. In the resistant varieties where no yellow rust infection was
observed, fungicide treatment using high rates resulted in a negative net yield of 2.6 dt/ha
(=52 EUR/ha) when investigated across all trials.

3.5. Impact on Yield Grain Parameters

The impact of varietal resistance and treatment programs on grain quality parameters
was investigated separately, with the analysis summarised in two groups. In the untreated
group, both untreated controls and alternative treatments were included, as yield data
did not differ significantly for these two. The second group used fungicide treated data,
summarising data from both high and low input programs, as these two data sets also did
not differ significantly. Data from Group 1 showed clear and significant differences for
yield, specific weight and TGW, where the results from susceptible varieties were lower
in yield and grain qualities than both mixtures and more resistant varieties (Table 11).
The results from mixtures and moderately susceptible varieties were similar and did not
differ significantly. Results from Group 2 with the fungicide treated data showed overall
higher values for yield, specific weight and TGW than data from Group 1. No significant
differences were seen between the varieties for yield and specific weight, but some overall
differences for TGW were observed. There were no significant differences in either group
for % protein and % gluten content, although the latter was only measured in 8 of the
19 trials.

Table 11. Yield (dt/ha) and grain quality parameters in 19 trials across two seasons (2020, 2021).
Group 1 covers both untreated and treatments from alternative substances, while Group 2 includes
data from treatments with both high and low fungicide input. Different letters indicate significant
differences at 95% level.

Group 1,

Varieties

Yield
dt/ha Gluten Content % Protein

Content %
Specific Weight

kg/100 L
TGW

g

Mixtures 81.0 b 22.3 a 12.5 a 77.2 a 40.9 b
Susceptible 73.1 c 22.0 a 12.3 a 75.6 b 37.8 c

Moderately susceptible 82.5 b 21.8 a 12.5 a 76.4 a 40.4 b
Resistant 85.9 a 21.6 a 12.5 a 76.9 a 42.7 a

No of trials (19) (8) (14) (16) (15)

Group 2,

Varieties

Yield
dt/ha

Gluten
Content %

Protein
Content %

Specific Weight
kg/100 L

TGW
g

Mixtures 89.2 a 22.1 a 12.5 a 77.9 a 42.3 b
Susceptible 89.3 a 21.7 a 12.3 a 78.0 a 39.4 d

Moderately susceptible 89.4 a 21.4 a 12.4 a 77.7 a 40.7 c
Resistant 88.6 a 22.1 a 12.7 a 77.4 a 43.7 a

No. of trials (19) (8) (14) (16) (15)

4. Discussion

The results from this project indicate that good IPM options exist for the management
of rust diseases, reducing disease risk, severity of rust diseases and helping to minimise the
reliance on fungicides. The options assessed can readily be adopted by farmers and, for
some elements, this is already taking place. The optimal strategy for avoiding an epidemic
of rust in wheat should be based on combined IPM elements, including both varieties with
good disease resistance, use of fungicides at appropriate rates, inclusion of alternative
chemistries, monitoring and use of DSS all in line with EU-IPM strategies [10].

In the IPM trials, full control was achieved from a conventional fungicide four-spray
program using both high and low input (Table 6). In comparison, the control from the
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strategy with alternative products using four treatments gave only poor and generally
insufficient control, verifying that there is still a major need to find relevant alternatives to
conventional fungicides, as clarified in the more detailed study also presented in this paper
(Figure 2). The use of decision support systems (DSS) provided reliable and good control
of yellow rust and showed good opportunities for using a reduced number of applications.

4.1. Variety Resistance

Genetic resistance is the most efficient and cost-effective way to control rust diseases.
As expected, the varieties categorised as susceptible developed the most severe infections
of yellow rust. Moderately susceptible varieties developed intermediate levels of infection,
in line with the variety mixture. No or very little rust was seen in the resistant varieties.
The disease development was not secured in all the trials. Despite artificial inoculation with
yellow rust in 9 of the 19 trials using infected spreader plants, only 4 of those developed
moderate to severe attack, indicating that the weather conditions following inoculation are
important for the success of these methods.

Brown rust infection was more even across all variety groups, as varieties were not
specifically chosen based on their brown rust resistance characters. Two trials in Sicily
focused on stem rust management, but the disease level stayed too low for any conclusions
to be made.

Overall, the trials showed a benefit from growing varieties with strong yellow rust
resistance and that choosing a rust susceptible variety had a major risk for yield losses. In
line with data presented in this paper, yield losses and benefits from use of fungicides are
strongly dependent on the level of varietal resistance [7–9]. So far, more than 80 resistance
genes for both yellow and brown rust have been identified separately [23,24], but the
frequent emergence of new virulent races necessitates a continuous search for new sources
of resistance, underpinned by qualitative (major gene resistance) or quantitative trait
loci (QTL).

Although many commercially available winter wheat varieties have effective genetic
resistance to yellow rust and brown rust [25–27], it is often not known which resistance
genes are present in individual varieties. Without doubt, the long-term success of IPM
strategies against rust diseases in wheat relies on the provision of varieties that can resist
against ever-evolving virulence in rust pathogens. Most recently, this was highlighted
by Bouvet et al., [28], who presented new sources of resistance based on next-generation
breeding techniques and the use of molecular markers. In addition to the provision of
resistant varieties, sustainable use of these varieties, e.g., by regional diversification, should
also be considered to prevent pathogen adaptation for as long as possible by reducing
selection pressure.

4.2. Variety Mixture Effects

The tested variety mixtures, which included a mix of the three solo varieties, helped
to reduce infection severity of both yellow rust and brown rust when measured against
the average infection in individual varieties. In untreated plots, yellow rust severity at GS
75 was reduced by 29% and brown rust by 11% with the use of variety mixtures. Similar
benefits from variety mixtures have been seen in other projects for yellow rust [29–31] and
brown rust [32,33].

In this study, the decrease in rust provided by variety mixtures was in line with the
moderately resistant variety but inferior to the resistant varieties (Table 6 and Figure 3).
The trials also showed a relatively limited yield benefit from the mixtures mainly in un-
treated control plots. Data in other studies have shown that variety mixtures can effec-
tively suppress diseases in crops, resulting in yield increases typically in the range of a
few percent [34–36]. Using a variety mixture to suppress or reduce disease has been
found to work successfully for both powdery mildew and rust diseases of wheat [37],
while reductions in STB have been lower, usually in the range of 10–15% [36,38,39].
Borg et al. [40] summarised the major mechanisms of disease reduction in mixtures as
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a cause of (i) dilution, (ii) barrier, (iii) premunition (induced resistance), (iv) disruptive
selection and (v) compensation.

Variety mixtures are a means of stabilising cropping situations and reducing the
risk of yield loss in high disease pressure years where there is a sudden incursion or
epidemic of foliar pathogens. For organic farmers, variety mixtures are an additional tool to
help maintain robustness and resilience in their cropping situations. Among conventional
farmers, variety mixtures can typically reduce the number of necessary fungicide treatments
by one [41]. In breeding programs, which must stay ahead of emerging virulent pathogens,
variety mixtures could potentially bolster or substitute the need for laborious crossing and
selection that is required for the genetic pyramiding of resistance genes [42]. It could be
expected that the long-term viability of disease resistance provided by a variety mixture
potentially allows the mixture to have longer commercial viability than any sole variety.
A commonly expressed concern of farmers with respect to choosing variety mixtures is
the reduced uniformity in terms of maturity, height and resistance to multiple disease,
which can challenge management of the crops [43]; however, these factors can be managed
by choosing mixture partners with similar agronomic traits based on data from local and
regional variety trials.

4.3. Fungicides with Use of Appropriate Rates

When protecting wheat crops from losses due to yellow rust and other leaf diseases, it
is particularly important to ensure that the two upper leaves are kept free from infection as
they generate ca. 45% of the final grain yield [44]. In years where a rust epidemic develops
in early spring, it is important that new leaves are protected during stem elongation. This
might lead to repetitive applications every 10–14 days. The need for continuous protection
is also the reason behind the standard treatments in the IPM trials presented here, where
four timings with ca. 10 day intervals were used to ensure continuous control, leaving no
gap for outbreaks of rust (Tables 6 and 7).

Preventive fungicide applications with reduced dose rates proved to be a good option
to reduce inputs while achieving full control and thus a better net yield. The good control
from reduced rates confirms previous findings similarly proving that rust in most cases
can be also controlled with reduced rates [6,8]. The most crucial element when it comes to
optimal rust control is ensuring correct timing.

The governing principle of resistance evolution suggests that diverse choices of mode
of actions combined with reduced and optimised dosages lead to slower evolution of
resistance than the use of full recommended doses [45], unless the reduction in dose leads
to an increase in the number of applications. This was also the principle behind the choice
of the four fungicides applied in the IPM trials. In treatments applied based on the DSS
output, the number of applications was reduced and varied depending on site and variety
from zero to three applications, using 25% to 50% standard dose rates successfully. In the
DSS-treated plots, the benefit to fungicide resistance management is expected to have been
maximised, although, at some sites, benefits related to variety resistance were not fully
addressed when diversifying the input.

Despite some seasons with intensive use of fungicides for control of particularly yellow
rust and warnings about potential resistance development [46], no case of field failure of
fungicides in a cereal rust disease has yet been recorded. From a historical perspective,
rust diseases in cereals have not been observed to be at substantial risk of developing
fungicide resistance to the applied fungicides. However, recently, a high proportion of
yellow rust isolates from China and New Zealand were found to carry a DMI resistance-
associated substitution (Y134-F) in the Cyp51 gene, and some resistance to SDHIs have
also been reported (SdhC -I85V), [47]. Both cases had no clear impact on field performance,
but it does highlight that a diverse choice of fungicides is important to ensure a low risk
for selection.
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4.4. Alternative Products to Fungicides

Currently, limited information is available about alternatives that can fully or partly
replace conventional fungicides for control of rust diseases in practical wheat production.
The trials conducted in the Rustwatch project confirmed that it is currently difficult to
find alternative solutions that provide sufficient or reliable control of yellow rust. Two
alternative solutions were evaluated in the 19 IPM trials in 2020 and 2021; neither proved
effective, which confirmed the results from the 2019 trials, where a range of products
were evaluated (Table 5 and Figure 2). The tested solutions included both biological
control agents (BCAs) and older substances like sulphur and phosphonate, but neither gave
substantial control. Even in comparison with very reduced rates of conventional fungicides
(tebuconazole and pyraclostrobin), the alternatives did not prove to be a realistic option.
Specifically for BCAs, it has been seen that control under field conditions [18] can be a
challenge if there is high rust pressure, as the persistence of the alternatives even following
four application timings is inferior to conventional chemistries. Significant control of rust
diseases has been observed for some BCAs in in vitro tests on uredospore germination in
seedling assays with Bacillus subtilis and Bacillus megaterium [17,48]. Different formulations
using bacterial cell suspensions (BCS) and fermentation liquid with and without bacterial
cells have been tested, with an efficacy of around 80%. Studies have generally proved that
protective treatments provide better control than curative treatments [17,18,48].

The findings in this study on the use of alternative products for rust control are
somewhat in contrast to achievements seen against other diseases, e.g., sulphur has
proven to give ca. 50% control of STB in recent trials [49], BCAs based on strains of
Clonostachys rosea have provided low to moderate control of both STB and fusarium head
blight in wheat [50] and Bacillus velezensis was observed to postpone the development of
STB [51]. The search for alternative products with efficacy against rust diseases will thus
likely continue.

4.5. Thresholds and DSSs

The use of decision support systems (DSS) in the trials provided moderate but still
reliable disease control, good yield responses and competitive economic benefits compared
with other solutions using appropriate rates of fungicides (Table 10). Despite develop-
ment of weather-driven risk models for yellow rust based on temperatures and relative
humidity [52], DSS for control of rust in this project relied mainly on visual scouting in
the field [53]. To predict the risk for yellow rust in the season, it has, however, proven
important to include information on winter temperatures, with the pathogen’s probability
of survival decreasing in cold winters where temperatures drop below −5 ◦C [54–56]. To
have a robust and good DSS for farmers to adopt, the system must include all relevant
diseases, as farmers need a holistic approach to their control strategies. Crop Protection
Online is an example of such a DSS combining control thresholds for all major diseases
in one system [19]. Several tools developed during the Rustwatch project summarise the
findings of rust across Europe, which can help obtain a better knowledge of the risk and
spread of rust diseases across years and regions [57].

4.6. Impact on Grain Yield and Grain Qualities

Yield and grain quality were highly impacted by the specific control strategies eval-
uated in the IPM trials (Tables 9 and 11). In the untreated section (Group 1), the most
susceptible variety yielded significantly lower, the average yields in the moderately suscep-
tible varieties and the variety mixtures did not vary significantly, while the best yields in
untreated plots were observed in the most resistant varieties.

Across the fungicide treatments (Group 2), no significant differences in yields were
measured between the varieties, indicating that the four applications completely controlled
the diseases and stabilised yields (Table 11). On average, yields in fungicide-treated
plots were 8.5 dt/ha higher than the untreated plots, with positive yield responses in
susceptible and resistant varieties of 16.2 and 2.7 dt/ha, respectively. No impact on gluten
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and protein was observed in either Group 1 or Group 2. Overall, TGW and specific weights
were improved following fungicide treatments compared with the untreated, which is in
accordance with other studies [58]. Matzen et al. [58] also showed a significant reduction in
grain protein content in fungicide-treated crops compared with the untreated control as
a dilution effect following higher yields. This effect could not be confirmed in this study,
where protein percentage was constant across all treatments and varieties.

In this study, the variety mixture showed no negative effects on any of the grain
qualities measured. With respect to growing variety mixtures, grain quality is often con-
sidered a challenge for bread-making wheat. Few studies have investigated the effects
of variety mixtures on grain quality [59,60]. Some investigations have shown that mix-
tures can either improve grain quality or provide a quality equivalent to the mean of the
components [60,61], while Clarke et al. [62] found that the Hagberg falling number (HFN)
was reduced in variety mixtures compared with the mean of the component varieties.
More studies are needed to investigate impact on milling and breadmaking qualities using
variety mixtures.

5. Conclusions

Similar IPM trials were conducted across nine different countries in Europe across
two seasons to investigate different IPM solutions for the control of rust diseases in wheat.
Resistant varieties proved highly effective in escaping or avoiding rust infection, with
variety mixtures also reducing infection risk significantly and stabilising yields. Rust did
not prove difficult to control using reduced rates of fungicides, even under high disease
pressure. In trials with severe infection of yellow rust, yields losses above 35% were
measured. The use of DSS provided sufficient control of rust diseases and gave competitive
yields and economic returns due to fewer applications of fungicides. Different alternatives
to conventional fungicides including BCAs were investigated for their ability to control
yellow rust; however, none of the tested alternatives proved sufficiently effective to provide
reliable control.
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