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Abstract 

The epidemiology and management of almond rust (Tranzschelia discolor) was investigated in 

laboratory, glasshouse and field studies in South Australia between 2008 and 2012.  The study 

compared cultivar susceptibility, determined the major source of primary inoculum and 

evaluated new fungicides for conventional protective spray programs or strategic post-infection 

application. 

 The susceptibility of 34 cultivars was evaluated by monitoring disease development on 

naturally infected trees in germplasm collections and inoculation.  None of the cultivars screened 

were immune to T. discolor.  Season-long monitoring of 26 cultivars at Loxton, SA showed that 

all cultivars followed a similar timing of epidemic development from leaf emergence to the time 

of harvest.  Tolerance was identified in some cultivars by measuring the severity of leaf 

infection, uredia production and defoliation.  Leaf area infected correlated with defoliation at 

both locations.  Nonpareil and Carmel, the most widely grown cultivars in Australia, were 

susceptible to natural rust infection and defoliation.  Fewer uredia were produced on Price 

compared to, Nonpareil and Carmel when potted plants of these cultivars were inoculated with 

urediospores. Cultivars demonstrating some tolerance attributes were Masbovera, Mod Alnem 

15, Mod Alnem 8, Ferraduel and Ferragnes.  These cultivars were less prone to natural infection 

and in inoculation experiments some produced less uredia than Nonpareil.  Early defoliation was 

lower in Masbovera compared with Nonpareil, Ne Plus Ultra, Sauret and Carmel. It was 

concluded that tolerant cultivars could be selected that are less prone to rust infection, produce 

fewer uredia per infection cycle and retain leaves for longer than susceptible cultivars.   

Potential primary inoculum sources evaluated included retained leaves, fruit not removed 

during harvest, leaf litter on soil, green or lignified shoots and alternative host crops.  Of these, 

retained leaves were confirmed as the major source of overwintering inoculum.  The maximum 

viability of urediospores on retained leaves was 27% at the time of new leaf emergence in late 
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winter.  Other plant parts producing uredia included fruit and green shoots.  However, fewer 

uredia were produced from these plant structures than leaves.  Alternative host crops including 

cherries, peaches and nectarines inoculated with urediospores from almond leaves did not 

produce disease symptoms and are unlikely to act as overwintering sites for almond rust. 

  A range of fungicides was evaluated for both protective and post-infection activity by 

inoculating shoots on potted plants and mature trees.  The most effective protective fungicides 

evaluated included azoxystrobin, pyraclostrobin + boscalid and pyraclostrobin + metiram, which 

were at least as effective as registered fungicides such as chlorothalonil.  Propiconazole was less 

effective than other fungicides when applied in a protective spray program.  Other diseases 

present, including brown rot (Monilinia laxa), shot hole (Wilsonomyces carpophilum) and scab 

(Cladosporium carpophilum); were controlled by azoxystrobin and pyraclostrobin + metiram or 

boscalid.   

Post-infection fungicide evaluation confirmed that a number of products can be applied 

during the latent phase of T. discolor development in almonds and provide a 50-100% inhibition 

of uredia production.  The most effective fungicides were propiconazole, myclobutanil and 

tebuconazole which provided complete control in some experiments when applied up to five 

days post-infection.  Products with moderate post-infection activity included the strobilurin 

fungicides azoxystrobin, trifloxystrobin and pyraclostrobin; and the de-methylation inhibitor 

(DMI) fungicides difenoconazole, tetraconazole and fenbuconazole.  The strobilurin fungicides 

azoxystrobin and trifloxystrobin also reduced urediospore production / viability. 

The findings of this study suggest that an integrated approach to almond rust 

management would benefit growers.  This approach would focus on the use of tolerant cultivars, 

crop hygiene and strategic use of fungicides.  Cultivar tolerance would help growers to reduce 

their reliance on fungicide applications.  Self-pollinating almond cultivars may facilitate 

selection for rust tolerant cultivars and would remove the need to introduce tolerance traits into 
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multiple inter-planted cultivars.  Crop hygiene would involve removal of retained leaves as 

incomplete defoliation of almonds during the dormant winter phase provides the main source of 

new infections of T. discolor.  Strategic fungicide applications of strobilurins and DMI’s could 

be undertaken in response to specific weather events.  The strobilurin fungicides provide a high 

level of protective control, moderate post-infection activity and are broad spectrum.  DMI 

fungicides provide strong post-infection activity on rust and could help growers control rust 

outbreaks following weather events conducive to rust infection.  Further research on disease 

forecasting models specifically for almond rust could help growers apply fungicides when the 

best return on investment will be achieved. 
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1.0 Introduction 

Rust (caused by Tranzschelia discolor) is a major foliar disease of almond and stone fruit 

production (Teviotdale et al. 2002; McMichael and Pumpa 2006).  In almonds, high levels of 

rust infection can cause premature defoliation, production of new leaves, unwanted bud burst in 

autumn, weakening of trees and reduced return bloom (Shabi 1997; Micke 1996).  In stone fruit, 

rust can reduce yield by early defoliation and reduced marketability of fruit from lesions, as well 

as causing a long-term decline in tree vigour (Ellison et al. 1988; Soto-Estrada et al. 2003).   

Cultivar resistance to rust has been evaluated in almonds and related stone fruit species 

(Citadin et al. 2010; Reilly and Beckman 2002; Sharma and Bhardwaj 2001; Ved Ram et al. 

2000; Cambra 1990; Sharma and Gupta 1990; Bhardwaj 1989; Sharma et al. 1989; Voronin and 

Kartausova 1989; Decker and Sherman 1976).  Screening peach and nectarine germplasm by 

Barbosa et al. (1994), confirmed that all accessions tested were susceptible to rust but there were 

cultivars that were more tolerant of infection.  While there are no published records of almond 

cultivar susceptibility to T. discolor, the peach cultivar, “Cristal Taquari” is reported to be 

immune to rust infection (Mariante et al. 2009).  Resistance to T. discolor in peaches is heritable 

(H = 0.64) and breeding programs incorporating Cristal Taquari as a parent were suggested by 

Centellas-Quezada (2000).  With high heribitability, rapid progress in the development of 

agronomically desirable rust resistant cultivars as crosses with susceptible parents conferred 

resistance in progeny (Centellas-Quezada 2000). 

There are no reports of almond cultivars with complete immunity to T. discolor.  

However, a number of studies have reported differences in cultivar susceptibility to natural 

infection (Bhardway 1989; Sharma et al. 1989; Sharma and Gupta 1990).  If significant 

differences exist for rust susceptibility there may be an opportunity to develop resistant / tolerant 

cultivars.  This would enable growers to apply fungicides less frequently for rust. 
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There are extensive studies on T. discolor in stone fruit including epidemiological studies, 

cultural management and fungicidal control.  In the epidemiology of T. discolor in peaches, stem 

lesions are recognised as a key source of primary inoculum (Soto-Estrada et al. 2003).  

Monitoring the appearance of stem lesions has been successfully used in combination with 

strategic fungicide use to significantly reduce the number of applications required per season 

(Soto-Estrada et al. 2003).  In almonds, the role of stem lesions or other plant parts i.e. retained 

leaves and fruit; as a primary inoculum source is unknown.  Knowledge of the primary inoculum 

source would enable a better understanding of the epidemiology of T. discolor in almonds and 

may assist with management through improved disease monitoring and timing of fungicide 

applications.   

A disease forecasting model (PRUNERUST) was created by Kable et al. (1991), using 

temperature and rainfall data to predict rust outbreaks.  This model was used as a decision 

support system for growers on when to apply fungicides for prune rust control.  Recent attempts 

have been made to adapt the PRUNERUST model for almonds by Magarey et al. (2009), with 

the goal of optimising the number and timing of fungicide applications.  However, if there are 

similar primary inoculum mechanisms present in almonds as there is in stone fruit, the model 

may have limitations on its accuracy.  Potential differences in varietal susceptibility are not 

accounted for by the PRUNERUST model and this may lead to recommendations to spray for 

rust even where certain cultivars are less prone to infection and/or when there is no viable 

inoculum present and an epidemic is unlikely to occur. 

There is a limited range of fungicides registered for control of almond rust, including 

sulphur, mancozeb, chlorothalonil and pyraclostrobin (Australian Pesticide and Veterinary 

Medicines Authority 2013).  These products are recommended for protective application prior to 

infection and require routine application for disease control.  However, the persistence of 

protective fungicides on T. discolor has been reported to reduce the later in spring and summer 
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that they are applied (Kable et al. 1987a).  Rainfall after the application of fungicides such as 

mancozeb reduced fungicide efficacy and persistence (Kable et al. 1987a).  Application of 

protective fungicides for almond rust just prior to or following a prolonged period of heavy 

rainfall may be insufficient to control existing infections or prevent further uredia production and 

disease progression.   

Fungicides with systemic protective and curative activity may offer Australian almond 

growers more flexible and effective options to manage T. discolor.  The de-methylation inhibitor 

(DMI) and strobilurin fungicides are potential candidates based on their use for control of T. 

discolor in California (Adaskeveg et al. 2008).  Strobilurins are active on rusts and are 

recognised for their high level of disease control of a wide range of fungal pathogens (Bartlett et 

al. 2001).  The DMI fungicides have greater activity on fungal mycelia and are able to be applied 

after spore germination and provide a high level of disease control (Kable et al. 1987b). 

 The following study investigates the epidemiology of T. discolor in almonds and 

evaluates management options to improve disease control.  The components of the study include 

comparison of cultivar susceptibility, determining the overwintering mechanism in almonds and 

evaluation of new fungicides with protective and curative activity to improve the efficacy and 

flexibility of options available to Australian growers. 
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2.0 Literature review 

2.1 Almond production 

2.1.1 World production  

World production of almonds has increased significantly during the last decade from 0.39 to 0.63 

million tonnes (Almond Board of California 2007).  Over 80% of the world almond production 

occurs in California, with the second largest producer, Spain, providing around 11% of world 

production (Almond Board of California 2007).  Almonds are the largest tree nut crop in 

California with over 6000 growers.  The main production region is located on 236 700 hectares 

in the Central Valley of California (Almond Board of California 2007).   

 Nonpareil is the dominant variety grown in California, accounting for 37% of the area 

under production.  Other major varieties include Carmel (15%), Butte (12%), Monterey (8%) and 

Padre (7%).  The remaining 21% is comprised of a wide range of varieties including Fritz, Price, 

Sonora, Mission and Peerless (Almond Board of California 2007). 

The single largest market for Californian grown almonds is the US domestic market 

which annually consumes 0.17 million tonnes.  Almonds are the largest specialty crop exported 

from the US, with a trade value of around $2 billion.  The largest US export markets are Western 

Europe (54%) and Asia (24%), with the top five export destinations including Spain, Germany, 

India, Japan and the Netherlands (Almond Board of California 2007).  The majority of almonds 

are exported shelled (73%), with only 17% exported in a manufactured form and the balance are 

sold in shell (Almond Board of California 2007). 

 

2.1.2 Australian production  

Australia is a relatively small producer of almonds with about 2.5% of the total world production 

(Almond Board of California 2007).  Almond production is the fastest growing horticultural 

industry in Australia (Almond Board of Australia 2008).  The area planted increased from 3650 
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hectares in 1999 to more than 26 000 hectares in 2007 (Almond Board of Australia 2007).  

Production has increased significantly from 8558 tonnes in 2000 to 26 555 tonnes in 2007.  With 

less than half the new plantings bearing almonds in 2007, production is set to increase three-fold 

to about 77 000 tonnes by 2015 (Almond Board of Australia 2007). 

Commercial almond production commenced in Australia on the Central Adelaide Plains 

and initially expanded into the Southern Districts of Adelaide (Almond Growers Association 

1996).  During the late 1960’s, almond plantings expanded into the Riverland, Northern Adelaide 

Plains and Sunraysia region of North-western Victoria (Almond Growers Association 1996).  

Further expansion has since occurred in the Sunraysia and Riverland regions of Victoria and 

South Australia.  The Sunraysia region now accounts for 71% of the planted area of almonds in 

Australia, followed by the Riverland (19%) and Riverina (7%).   

Nonpareil is the dominant variety grown in Australia, comprising 52% of almond 

production in 2007.  Other significant varieties include Carmel (28%), Price (8%), Ne Plus (3%) 

and Peerless (2%) (Almond Board of Australia 2007).   

 The value of the almond industry at the farm gate is over $200 million, with around $114 

million also derived from export-related activities (Almond Board of Australia 2011).  As the 

remaining plantings reaching bearing age, the value of the industry is anticipated to reach $450 

million by 2017 (Almond Board of Australia 2011). 

 The value of Australian almond exports is divided evenly between shelled and in-shell 

forms.  While the majority of exports occur as an in-shell product, they have an inherently lower 

value per kilogram.  India is the largest export market for Australian almonds and is responsible 

for 41% (by value) of total exports, predominantly in an in-shell form.  Other significant export 

customers include Germany (10%) the United Arab Emirates (10%), Spain (9%) and New 

Zealand (7%), all of which purchase primarily shelled almonds (Almond Board of Australia 

2011). 
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2.1.3 Uses and health benefits of almonds 

Almonds are generally regarded as a tasty and versatile food.  The three main uses for almonds 

include confectionary, snack foods and baking / patisserie (Almond Board of California 2007).   

The health benefits of almonds are well documented and have effects on several aspects 

of health and nutrition.  Almonds help to protect cells from death by oxidation as they contain 

three key antioxidants – catechin, epicatechin and kaempferol; that help to reduce the effects of 

chronic illness (Milbury et al. 2006).  Other clinical studies have demonstrated that a diet 

containing a combination of foods such as almond, lean meat and fish can help reduce 

cholesterol by more than 20% (Jenkins et al. 2006).  Almonds are also known to help with the 

regulation of blood sugar and insulin, which can reduce the risk of heart disease and diabetes 

(Jenkins et al. 2006).   

 

2.2 Agronomic practices 

Almond production is suited to deep, well-drained loamy soils with a neutral to slightly alkaline 

pH (Doll and DeBuse 2013; Wilkinson 2005).  Loam soils are preferred to sandy soils due to 

their higher fertility and water holding capacity (Micke 1996).  Planting configurations vary from 

6.5 – 7.2m and with the space between trees in the row varying from 3.6m to 7.2m (Wilkinson 

2005).  Plant populations vary from about 200 trees per hectare to 380 trees per hectare 

(Wilkinson 2005). 

 Almonds cultivars are grafted prior to planting onto a suitable rootstock, which is 

selected based on the soil type and soil diseases present (Wilkinson 2005).  Common rootstock 

options include nematode resistant, peach × almond hybrid rootstock and seedling almond 

(Wilkinson 2005).  Planting is undertaken in winter during the dormancy period for almonds and 

prior to budburst (Wilkinson 2005). 
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All commercial almond cultivars are self-incompatible and require cross-pollination for 

production (Almond Board of California 2012).  Each cultivar has specific pollinator cultivars 

that are able to pollinate their flowers. A minimum of three cultivars are recommended for 

planting, with the main variety planted in every second row.  In the alternate rows, an earlier and 

a later blooming variety should be planted to ensure an overlap in pollen available for early and 

late blooming trees (Department of Primary Industries Victoria 2002).  The major cultivar grown 

in Australia, Nonpareil, shares a common blooming window and is compatible with Carmel and 

Price (Micke 1996).  Due to the flowering window and compatibility, these are the cultivars 

grown in combination in Australia (Almond Board of Australia 2011).   

Almonds are produced in hot and dry climatic conditions and require 1100 to 1400 mm 

or up to 14Ml ha
-1

 per growing season (Wilkinson 2005). Drip irrigation is the most efficient 

system (Wilkinson 2005) and is used throughout the almond growing regions of Australia.  Peak 

water demand in almonds generally occurs in December and January (Wilkinson 2005). 

 Harvesting is undertaken between February and April and involves several stages.  The 

first stage is the trees are individually shaken to ensure all nuts (still in the hulls) are removed 

from the tree.  The nuts are allowed to dry on the soil surface before windrowing and being 

swept up by machinery.  The harvested nuts are then hulled and shelled by processing plants 

(Wilkinson 2005). 

Foliar disease control is a major issue for Australian growers as almonds are affected by a 

range of fungal pathogens including rust [Tranzschelia discolor (Fuckel) Tranzschel & Litv.], 

shot hole [caused by Wilsonomyces carpophilum (Lev) Adaskaveg, Ogawa & E.E.Butler], brown 

rot [caused by Monilinia laxa (Adehold & Ruhland) Honey] and anthracnose [caused by 

Colletotrichum acutatum J.H. Simmonds (DAR 72407)].  Other minor diseases also occur 

including scab [caused by Venturia carpophila E.E. Fisher (anomorph Cladosporium 

carpophilum Thuem)]. 
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High levels of rust infection can cause premature defoliation, production of new leaves, 

unwanted bud burst in autumn, weakening of trees and reduced return bloom (Shabi 1997; Micke 

1996).  Shot hole reduces leaf area and causes a gumming of almonds nuts which makes them 

hard to remove during harvest and can cause yield reductions of at least 36% (Highberg and 

Ogawa 1986; Moss 1961). Brown rot can severely reduce yield by petals, anthers and stigmas 

causing blossom blight, as well as twig collapse (Teviotdale et al. 2002). Anthracnose is a more 

recent disease in Australia and causes flower infections resulting in blossom blight, premature 

drop of immature fruit and twig dieback (Hall et al. 1998).  Scab infections occur on both leaves 

and fruit, with severe leaf infections resulting in premature defoliation of trees (Ogawa and 

English 1991). 

 

2.3 Rust (Tranzschelia discolor) in almonds 

2.3.1 History, distribution and economic significance 

The precise distribution of T. discolor is difficult to assess as it is often confused with 

Tranzschelia pruni-spinosae (Laundon and Rainbow 1971).  However, T. discolor is prevalent in 

all major almond producing countries (Verma and Sharma 1999).  Losses due to rust are not 

widely recorded, however it is recognised as a cause of significant premature defoliation and 

weakening of trees (University of California 2002). 

 

2.3.2 Taxonomy 

T. discolor belongs to the uropyxidaceae family from the uredinales order of basidiomycete fungi 

(Uniprot, 2008).  T. discolor is macrocyclic and heteroecious, producing pycnia and aecia on 

Anemone coronaria and uredinia and telia on Prunus spp (Lopez-Franco and Hennen 1990).  

The multiple spore stages in T. discolor include urediospores, teliospores, basidiospores and 

aeciospores (Adaskaveg et al. 2000).   
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The pycnia are amphigenous or hypophyllous and distributed uniformly or individually 

on leaves.  The pycnia are 150-250µm in diameter, subcuticular and conical in shape.  The 

hypophyllous aecia are cup-shaped, 0.3-0.6µm in diameter, with 3-5 lobes and are found 

scattered within the pycnia.  The globose to ellipsoid aeciospores are 14-25µm in diameter with a 

hyaline to yellow cell wall, 1-2µm thick.  The aeciospores have a smooth surface, although they 

can appear irregularly or finely verrucose. (Commonwealth Mycological Institute 1971). 

The paraphysate uredinia are produced throughout the growing season and are scattered 

within small lesions that appear as yellow / brown angular spots (Commonwealth Mycological 

Institute 1971; Smith 1988).  The uredinia are cinnamon in colour, 0.15-0.4µm in diameter and 

are hypophyllous, however they are also known to cause stem lesions (Commonwealth 

Mycological Institute 1971).  The paraphyses are hyaline to golden, clavate to capitate in shape 

with a head diameter of up to 20µm and a thinly walled stem with a diameter of 4-6µm.  The 

urediospores are obovoid, fusiform or clavate, 22-43  13-19µm with a golden brown / 

cinnamon wall thickened at the apex (Commonwealth Mycological Institute 1971; Smith 1988).  

The side walls of the urediospores are 1-1.7µm and thicken markedly above to 4-7µm.  Towards 

the base of the urediospores there are conspicuous spines 1-2µm apart and 0.7-1µm in length.  

Three or four small equatorial pores are also found on the urediospores (Commonwealth 

Mycological Institute 1971). 

The telia resemble the uredinia in size and location, are chestnut in colour, produced at 

the end of the season prior to leaf fall and cannot reinfect almonds.  Teliospores are 28-40 × 17-

23µm and are comprised of two cells with a clear separation between the cells.  The upper cell is 

verrucose with numerous distinctive warts.  The lower cell is smaller and globose to elongate.  

The walls of the teliospores range from 1-2.5µm at the sides, to 2-4µm in the upper cell and 

equator of the lower cell (Commonwealth Mycological Institute 1971).   



 18 

After overwintering, teliospores germinate to produce basidiospores, which infect the 

alternate host A. coronaria (if present).  Infections on A. coronaria produce aeciospores, which 

infect Prunus spp, resulting in the first production of urediospores (Adaskaveg et al. 2000).   

 

2.3.3 Host range 

T. discolor is capable of infecting all Prunus spp., although races exist within species (Bhardwaj 

and Sharma, 1999, Kable et al. 1986).  Physiologic specialisation has been reported in T. 

discolor by researchers in India and Australia (Bhardwaj et al. 1999; Kable et al. 1986).  In the 

Indian study, in vitro assays found that urediospores from apricot, almond, peach and plum only 

reinfect the original host species.  As a result, the authors suggested new races for apricot (T. 

discolor f. sp. armeniacae), almond (T. discolor f. sp. dulcis), peach (T. discolor f. sp. persicae) 

and plum (T. discolor f. sp. domesticate) (Bhardwaj and Sharma 1999). 

 Studies in Australia and Brazil conducted in vivo using reciprocal inoculations with T. 

discolor from stonefruit and/or almonds also recognised races of T. discolor for specific Prunus 

spp. (Kable et al. 1986; Martins and Amorim 2000).  The Australian study showed that races 

differed in length of latent periods and reduced infection efficiency.  Inoculation of almonds with 

a race from prunes produced small flecks instead of the typical lesions, each with microsori 

containing paraphyses and 5-30 urediospores (Kable et al. 1986).  Studies of T. discolor by 

Martins and Amorim (2000) in Brazil also confirmed pathogenic specialisation, with 

morphological differences between isolates from peach, plum and nectarine.  Cluster analysis 

suggested that the peach and nectarine isolates were similar and the plum isolate had a low level 

of similarity with the other isolates.  Reciprocal inoculations of the peach and nectarine isolates 

showed that they were able to successfully infect both hosts, but the level of infection was 

greater in the host providing the inoculum (Martins and Amorim 2000). 



 19 

The capacity for almonds to support T. discolor races from other Prunus spp. is 

significant as, unlike stone fruit, almonds do not completely defoliate over winter.  In regions 

where almonds and stonefruit are grown together almonds may provide an overwintering site for 

rust races from both crops (Kable et al. 1986).  Alternate Prunus spp. as hosts for almond rust 

races may be of less significance to the epidemiology of T. discolor in almonds as stone fruit 

species tend to completely defoliate during winter (Kable et al. 1986). 

 

2.3.4 Epidemiology 

Urediospores are considered the primary means of over-wintering and infection in almonds 

(Adaskaveg et al. 2000; Ellison et al. 1987; Carter et al. 1970).  The role of Anemone coronaria 

in the initiation and spread of T. discolor is generally not significant (Smith 1988).  In Australia, 

urediospores have been found to initiate stone fruit rust infections on leaves that overwinter in 

the canopy or in litter on the ground (Ellison et al. 1987).  Unlike stone fruit, in most growing 

regions almonds do not completely defoliate during winter which may facilitate overwintering of 

urediospores (Kable et al. 1986).  Studies of rust in stone fruit have indicated that up to 20% of 

spores on leaves in the canopy can remain viable over the dormant period, while around 5% of 

spores from leaves on the ground may also remain viable (Ellison et al. 1987).  The main 

climatic factor governing urediospore viability is temperature.  When temperatures remain below 

25ºC, there is a negligible decline in urediospore viability, while temperatures ≥25-30ºC will 

dramatically reduce viability over time (Ellison et al. 1988).   

Liberation and dispersal of urediospores from sori occurs via wind and rain splash / 

overhead irrigation or a combination of both (Carter et al. 1970).  While the direct effect of water 

dispersal of urediospores has not been quantified, Carter et al. (1970) suggested that water 

dispersal may spread inoculum onto new leaves within the tree from overwintering sites in the 

canopy i.e. leaves retained over short dormancy period.  Wind-tunnel experiments indicated that 
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wind dispersal of urediospores occurs at a wind speeds as low as 2 m/s, with the rate of dry 

liberation of urediospores increasing logarithmically with wind speed (Carter et al. 1970).  It was 

concluded that short and strong gusts of wind are responsible for liberation of urediospores from 

sori (Carter et al. 1970).  However, heavy rainfall or overhead irrigation can produce a tenfold 

increase in the concentration of airborne urediospores as a result of water droplets striking 

infected leaves (Carter et al. 1970).  Rain splash or overhead irrigation enables wind dispersal of 

urediospores and at wind speeds that would not normally liberate urediospores from sori (Carter 

et al. 1970).   

Once a urediospore lands on the underside of a leaf, the rate of infection is determined by 

the occurrence of favourable environmental conditions for infection (Ellison et al. 1988).  

Epidemics of T. discolor in almonds are associated with warm weather and periods of high 

humidity and leaf wetness (McMichael and Pumpa 2006; University of California 2002).  Field 

and laboratory studies have concluded that temperature and the presence of leaf wetness are 

critical factors determining infection by T. discolor (Thakur and Xu 2004; Martins and Amorim 

1999; Kable et al. 1991).  In the presence of free water, urediospores can germinate between 5ºC 

and 30ºC (Ellison et al. 1990).  Over 80% of spores can germinate within two hours of 

incubation at 10-28ºC (Ellison et al. 1990).  At 5ºC and 30ºC germination is significantly 

reduced, with only 44% and 38% germination occurring after seven hours, respectively (Ellison 

et al. 1990).  Optimum germ tube growth occurs within a narrower range (15-20ºC), with 

>500µm growth achieved after nine hours of incubation (Ellison et al. 1990).  Light intensity can 

also significantly modify germination and germ tube growth.  As light intensity increases, the 

rate of germination and germ tube growth decreases, although at 24 hours the effect of light 

intensity on germination was negligible (Ellison et al. 1992). 

Infection by urediospores occurs via the stomata on the underside of leaves (Ellison et al. 

1988).  Studies of the initial infection process of peach leaves by T. discolor by Soto-Estrada et 
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al. (2005) indicated that 18 hours after artificial inoculation germ tubes became septate and 

produced appressoria only when they were over leaf stomata.  Colonisation of leaves was found 

to be subepidermal-intercellular, with haustoria observed within both mesophyll and cortical 

cells.  It was concluded that there is no colonisation of vascular / cambial tissue by T. discolor. 

Once an infection occurs there is an incubation period of 8-10 days before there are 

visible leaf symptoms (Adaskaveg et al. 2000).  Initial infections appear as small yellow spots 

visible on either leaf surface, which eventually become larger and angular and produce 

urediospores on the underside of leaves (University of California 2002; Adaskaveg et al. 2000).   

The epidemiology of T. discolor in Australian almond production has not been described 

or quantified.  While significant information has been generated in stone fruit, key information 

including the primary overwintering mechanism has not yet been measured in almonds.  This 

information could be useful for managing rust in almonds if cultural / chemical strategies could 

be developed to reduce the carryover of the disease from one season to the next. 

 

2.3.5 Disease management 

2.3.5.1 Cultural practices 

Defoliation is a method used to clean up trees and prevent a carryover of a range of diseases 

including rust.  Urea or zinc sulphate sprays are used to drop off all remaining leaves 

(McMichael and Pumpa 2006; Wilkinson 2005).  This strategy may have particular importance 

for the control / delay of infection from T. discolor.  Depending on the primary overwintering 

mechanism for almond rust, the removal of these leaves after harvest could substantially reduce 

the inoculum levels prior to production of new leaves. 

 The effect of inoculum removal in peaches was studied by Rodrigues et al. (2008), with 

stem lesions recognised as a primary inoculum source of T. discolor in peaches.  Different levels 

of green pruning to remove potential sources and delay infection was unsuccessful and did not 
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delay or reduce infection.  Crop hygiene included removal of primary inoculum sources may be 

effective in almond, depending on the primary inoculum source. 

 

2.3.5.2 Cultivar resistance 

The relative susceptibility of commercial almond cultivars is unknown and resistance is not a 

widely accepted method of controlling rust, with greater emphasis placed upon fungicide use.  

Genetic resistance may not be easily obtained or stable and cultivars are not generally selected 

for resistance to rust.   

Tolerance to T. discolor has been reported both in almonds and related Prunus spp, 

including peaches and apricots (Reilly and Beckman 2002; Ved Ram Usha Sharma Bhardwaj 

2000; Perez et al. 1993; Sharma and Gupta 1990; Sharma et al. 1989; Bhardwaj 1989).  

Tolerance to rust may occur via any number of mechanisms including avoidance through later 

blooming, shedding of infected leaves to avoid further spread or reduced urediospore production.  

 

2.3.5.3 Disease modelling and forecasting systems 

The New South Wales Department of Agriculture and Fisheries (now the NSW Department of 

Primary Industries) developed a forecasting system for T. discolour (prune rust) in stone fruit.  

The model relies upon the use of weather stations recording temperature and leaf wetness within 

orchards at five minute intervals.  Using mathematical equations, the temperature and leaf 

wetness data is used to calculate potential infection periods.  The general rule in this model is 

that for an infection to occur the leaf wetness period must occur over a minimum of 4 hours 

within a temperature range of 13-25°C.  The guidelines also state that outside that range the 

infection takes longer to occur, while above 29°C no infection occurs.  The creators of the prune 

rust model considered its accuracy to be relatively high due to the wide optimum infection range 

and temperature cut-off points for infection (Biological and Chemical Research Institute 1990). 
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 In practice the prune rust model improves decision making about the need for and timing 

of fungicide applications for rust control.  Conventional calendar spray programs were 

previously used to control rust, with some adjustments made according to weather events. The 

inception of the prune rust infection model and greater awareness of potential infection periods, 

growers were advised to review their rust management programs on a weekly basis, with 

planning recommended for the following 2-3 weeks (Biological and Chemical Research Institute 

1990). 

 Research conducted by Soto-Estrada et al. (2003) examined the use of new fungicides 

and application strategies for rust in peaches based on inoculum and rainfall.  Efficacy 

differences in the timing of spring fungicide applications were highly significant.  In a dry year, 

applications after stem lesion detection (ASLD) and before significant rainfall were highly 

effective for controlling rust.  In a higher rainfall season, applications ASLD and after the first 

rain were also highly effective.  It was also established that a single application of a triazole or 

strobilurin fungicides were more effective than the previous standard treatment, wettable 

sulphur.  Both the strobiliurin and triazole-based fungicides demonstrated post-infection activity 

(Soto-Estrada et al. 2003).   

 Almonds may also benefit from an approach where rust sprays are applied according to 

the weather conditions, crop growth stage and inoculum levels.  The significance of inoculum 

sources other than overwintering leaves is not known for almonds.  Opinions also vary on the 

accuracy of disease forecasting, Martins and Amorim (1999) concluded that the relatively short 

leaf wetness period required for infection by T. discolor make it an unsuitable variable for 

disease forecasting in this pathosystem.  As a result, it is likely that not all findings from stone 

fruit research on rust forecasting will have direct application to almonds and models such as 

prune rust require validation.  Investigations are underway to adapt the prune rust model to 

almonds.  A joint project between the Almond Board of Australia (ABA) and the South 



 24 

Australian Research and Development Institute (SARDI) was initiated in 2006 to reduce the use 

of fungicide spraying in Riverland and Adelaide Plains almond orchards (Magarey and Wicks 

2007).  Initial evaluation of the PRUNERUST in almonds found that there is a tendency to over-

predict rust epidemics using the current parameters of the model (Magarey et al. 2009).  It was 

suggested that other key parameters such as relative humidity be included in the model to 

improve the accuracy of disease forecasts for the almond industry (Magarey et al. 2009).    

 

2.3.5.4 Fungicides 

Chlorothalonil and mancozeb are the registered fungicides used for the control of almond rust in 

Australia (McMichael and Pumpa 2006).  Trials in stone fruit established the strong protectant 

activity of mancozeb and chlorothalonil on T. discolor (Kable et al. 1987a).  Current label 

recommendations are that mancozeb or chlorothalonil are used to control rust in a protectant 

spray program when applied from early bloom through to pre-harvest.  Regular spray intervals of 

7-14 days are recommended.  Where regular crop monitoring is undertaken, the critical period 

for the control of rust with fungicides is between December and March / harvest (McMichael and 

Pumpa 2006).  In California, control of rust with fungicides is generally recommended from 

about five weeks after petal fall, usually coinciding with mid-late spring.  Spraying for rust is 

recommended until just prior to harvest (Adaskaveg et al. 2008).   

 Protectant fungicide programs require regular spray applications that must be applied 

prior to the presence of the pathogen.  Cabrio (pyraclostrobin 250g/L EC) is the only  

translaminar fungicide registered for the control of T. discolor in Australia, however the label 

only recommends use from flowering to two weeks post-flowering (Australian Pesticides and 

Veterinary Medicines Authority 2013).  In the USA, there are a range of systemic fungicides 

registered for rust including iprodione, benomyl, thiophanate-methyl, Pristine (pyraclostrobin + 

boscalid), azoxystrobin, trifloxystrobin and myclobutanil.  The availability of systemic 
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fungicides provides growers with a greater flexibility for controlling rust, while also controlling a 

range of other pathogens i.e. brown rot, anthracnose, shot hole (Adaskaveg et al. 2008; 

Michailides and Ogawa 1986).  If consistent wet conditions prevail in Australian almond 

production there are no products registered that will provide post-systemic activity on T. 

discolor.    

 Of the available systemic fungicides, the most effective fungicides used in California are 

strobilurins i.e. azoxystrobin, trifloxystrobin, pyraclostrobin.  These compounds act on the 

mitochondrial membrane and are known to have strong protectant and limited curative activity 

on a variety of pathogens.  The strobilurins have the potential to improve the level of disease 

control in Australian almond production and are worth further evaluation as a strategic protectant 

/ curative treatment. 

 Trials in stone fruit determined that triazole fungicides were relatively ineffective as 

protectants, but have strong post-infection activity up to seven days after infection (Kable et al. 

1987b).  In work conducted by Kable et al. (1987b), there were significant efficacy differences 

between the triazole fungicides when applied as curative treatments.  Propiconazole was the most 

effective triazole evaluated.  When applied during the latent period, propiconazole completely 

inhibited disease development.  When applied after lesions first appeared, propiconazole 

suppressed further lesion development and sporulation (Kable et al. 1987b).  While 

propiconazole is widely used in stone fruit for rust, it is only used under permit in almonds for 

the control of brown rot (Monilinia laxa) and anthracnose (Colletotrichum acutatum).   

 Since the discovery of propiconazole, a number of triazoles have been developed for a 

range of diseases, including those caused by rust species.  Epoxiconazole was first registered for 

use in cereals in Australia in 2004 to control cereal rusts i.e. Puccinia spp.  The translaminar 

action and post-infection activity of epoxiconazole could make it useful curative fungicide for 

control of T. discolor. 
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 The availability of new fungicides is an opportunity for the Australian almond industry to 

develop more flexible and effective strategies for controlling rust.  Strobilurins and DMIs are 

already used in US almond production for the control of a range of diseases, including rust.  

These fungicides also have the potential to be applied for both protective and curative activity on 

rust. 

   

2.4 Project aims 

The following studies examined the epidemiology and management of rust in almonds.  The 

objectives of the research were 

1. determination of the primary overwintering mechanism,  

2. quantifying the relative susceptibility of the main commercial cultivars and  

3. determining how new / registered fungicides could be used to help growers to optimise 

their management strategies for rust.   

 

This information could help to develop a more integrated approach to management of rust in 

Australian almond production. 

 

2.5  Publications and outputs  

Three articles were published in Australasian Plant Pathology: 

 Horsfield A, Wicks T, and Wilson D. 2010. Field evaluation of fungicides for the control 

of rust, brown rot, shot hole and scab in almonds. Australasian Plant Pathology. 39, 112-

119. 

 Horsfield A, and Wicks T. 2010. Sources of primary inoculum of Tranzschelia discolor 

in Australia almond orchards. Australasian Plant Pathology. 39, 350-357. 
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 Horsfield A, and Wicks T. 2014. Susceptibility of almond cultivars to Tranzschelia 

discolor. Australasian Plant Pathology. 43, 79-87. 
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3.0 Susceptibility of almond cultivars to Tranzschelia discolor 

 

3.1 Summary 

The susceptibility of 34 almond cultivars to rust (Transchelia discolor) was evaluated over a 

period of four years at two locations in South Australia on naturally and artificially inoculated 

trees.  Cultivar reaction to rust was measured by leaf area infection, uredia density and 

defoliation.  Defoliation at harvest was positively correlated with the severity of rust leaf 

infections at both sites.  All cultivars were susceptible to rust, with the level of susceptibility 

varying between cultivars.  Two major varieties grown in Australia, Nonpareil and Carmel, were 

susceptible to rust infection and/or early defoliation.  Inoculation studies showed Carmel and 

Nonpareil produced more uredia than Price, while fewer urediospores per uredia developed on 

Nonpareil compared to Carmel.  This also corresponded with natural infections, as more disease 

developed in Carmel and Nonpareil compared to Price.  While no immune cultivars were 

identified, cultivars were identified that are less prone to rust infection, produce fewer uredia 

after infection and are less likely to defoliate prematurely.  Future work should focus on artificial 

inoculation to screen cultivars for use as potential parents in almond breeding programs. 

 

3.2 Introduction 

Almond rust, caused by Tranzschelia discolor, is found in all major almond production regions 

(Verma and Sharma 1999).  Severe outbreaks can occur in warm and humid growing regions, 

and result in premature defoliation leading to long-term declines in tree vigour and productivity 

(Verma and Sharma 1999).   

Australian almond production has expanded over the last 15 years from the original 

production areas in Willunga and Angle Vale near Adelaide, to the Riverland/Sunraysia 250-

300km north east of Adelaide (Moss and Cowley 1970; Baker and Gathercole 1984; Almond 
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Board of Australia 2008).  The climatic conditions in the Riverland/Sunraysia region are 

generally hot and dry.  However rainfall during summer can result in severe rust epidemics.  

Control of almond rust is mainly achieved with fungicides applied from mid to late spring to 

early summer (McMichael and Pumpa 2006; Adaskaveg et al. 2008).    

There are three major almond cultivars, Nonpareil, Carmel and Price, in commercial 

production in Australia and a range of minor cultivars (Almond Board of Australia 2011).  

Nonpareil is the major cultivar in Australia being grown in more than 50% of the planted area 

(Almond Board of Australia 2011).  Rust outbreaks have been reported in California for 

Nonpareil the other major cultivars, as well as some minor cultivars including Ne Plus Ultra, 

Mission and Peerless (Ogawa et al. 1984).  However, the relative susceptibility of Nonpareil, 

Carmel and Price and other cultivars to infection by T. discolor is unknown.   

Resistance to rust has been recorded in both almonds and stonefruit (Citadin et al. 2010; 

Reilly and Beckman 2002; Sharma and Bhardwaj 2001; Ved Ram et al. 2000; Sharma and Gupta 

1990; Bhardwaj 1989; Sharma et al. 1989; Voronin and Kartausova 1989; Decker and Sherman 

1976).  Screening peach and nectarine germplasm by Barbosa et al. (1994) confirmed that all 

accessions tested were susceptible to rust but there were cultivars that developed less disease.   

A Brazilian peach cultivar, “Cristal Taquari”, is reported to have immunity to rust 

(Mariante et al. 2009).  Centellas-Quezada (2000) found that the heritability of resistance to T. 

discolor in peaches is high (H = 0.64) and suggested that breeding programs that included Cristal 

Taquari as a parent would result in a rapid progress as crosses with susceptible parents conferred 

resistance in progeny (Centellas-Quezada 2000). 

There are no reports of almond cultivars with complete immunity to T. discolor.  

However, Bhardway (1989) demonstrated that differences in varietal susceptibility occurred in a 

range of naturally infected cultivars.  This was confirmed by Sharma et al. (1989) and Sharma 
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and Gupta (1990), who classified cultivars as highly susceptible, susceptible, moderately 

resistant or resistant based on the incidence and severity of natural infection. 

In this study we compared the susceptibility of different almond cultivars to rust in 

naturally infected almond germplasm collections. We also report on related studies where 

selected almond cultivars were artificially inoculated with rust to compare susceptibility.  

 

3.3 Materials and Methods 

3.3.1 General Methods 

3.3.1.1 Leaf inoculation 

Leaves were inoculated using the method described by Horsfield and Wicks (2010).  

Urediospore suspensions were used as inoculum and in all experiments and were prepared by 

placing infected leaves from potted plants artificially inoculated and maintained in the 

glasshouse into a plastic bag with approximately 500 mL of reverse osmosis water (ROW) and 

shaking vigorously for 30 seconds.  All inoculum was adjusted to a minimum of 10
5
 

urediospores per mL and checked for germination on tap water agar (Horsfield and Wicks 2010) 

to ensure that germination was >90%.   

Urediospore viability for each inoculum suspension was measured by placing six droplets 

onto tap water agar and assessing percent germination after 20 hours incubation at 20°C.   

Urediospores were considered successfully germinated when the germ tubes had grown as long 

as the width of the germ tube (Manners 1966). 

Using an atomiser to apply the inoculum suspension approximately 20 leaves on 

individual shoots were sprayed on both leaf surfaces to the point of runoff.  Immediately after 

inoculation, all shoots were covered with a clear plastic bag moistened with ROW.  The bags 

were held in place using a clothes peg and left on overnight and removed the following morning 

(Kable et al. 1987). 
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3.3.1.2 Disease assessments 

Incidence and leaf area infection on naturally infected leaves were assessed by randomly 

sampling 100 leaves from shoots in the outer canopy and visually assessing the leaf area infected 

with uredia (Horsfield et al. 2010).  A rating scale of (0-9) was used where the percentage leaf 

area infected was equivalent to: 0 = 0; 1 = 0.5%; 2 = 1%; 3 = 3.125%; 4 = 6.25%; 5 = 12.5%; 6 = 

25%; 7 = 50%; 8 = 75%; 9 = 100%.  These 0-9 values were converted to a percentage prior to 

statistical analysis.  The leaves were collected by sampling 50 leaves from each side of the row.  

Visual ratings of percent defoliation were also recorded during assessments in late summer or 

early autumn. 

 

3.3.1.3 Uredia and urediospore quantification 

In both the glasshouse and field studies, the uredia and urediospore numbers were quantified by 

cutting 4-6 leaf discs per leaf using a 9 mm corer.  Each disc was inspected under a dissecting 

microscope and the number of sporulating and non-sporulating uredia counted.  The discs were 

placed in a Macartney bottle with 5 mL of ROW and shaken vigorously for 30 seconds.  The 

urediospore concentration of the solution was measured using a haemocytometer.  The 

urediospore concentration and the uredia number per disc were used to calculate the urediospores 

per uredium. 

 

3.3.2 Field monitoring of natural infection and defoliation of almond varieties 

Two blocks containing germplasm collections of a range of mature commonly grown and 

experimental almond cultivars were monitored for natural rust infection between 2008 and 2013.  

The first site at the South Australian Research and Development Institute (SARDI) Loxton 

Research Station consisted of a block of 27 cultivars each as unreplicated single trees (Table 1).  
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This site was monitored each year, including monthly sampling during the 2009/10 season to 

compare the rate of development of rust in 25 cultivars (Figure 1a and Figure 1b). The second 

site was at the University of Adelaide Waite Campus, Adelaide and consisted of 15 cultivars 

each of two adjacent trees (Table 1). 

 

3.3.3 Comparison of cultivar susceptibility by inoculation with T. discolor 

3.3.3.1 Glasshouse inoculation of Nonpareil, Carmel and Price 

Four replicate potted plants each of the cultivars Price, Carmel and Nonpareil were used for 

artificial inoculation with T. discolor urediospores.  In late October 2008, two branches per plant 

were tagged and inoculated with urediospores collected from naturally infected trees at the 

University of Adelaide Waite Campus.   

 The plants were placed on a bench in the glasshouse at Urrbrae and arranged in a 

randomised block design.  The leaves of the inoculated plants were monitored for the presence of 

uredia over the following four weeks.  After 26 days, four leaves from the base of the shoot were 

removed and assessed for % leaf area infected with rust, uredia density and urediospores per 

uredium.   

 

3.3.3.2 Field inoculation of cultivars 

Selected cultivars showing either consistent high or low levels of natural infection from field 

monitoring were evaluated for relative susceptibility by inoculating with urediospores of T. 

discolor.   

At Loxton, seven cultivars were inoculated in January 2009 (Figure 2) using four 

branches per cultivar, one from each side of the row and one from either side within the row.  

Five leaves on each branch were removed 15 days later for assessment.   
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At the University of Adelaide Waite Campus, six cultivars were inoculated in 2012 

(Figure 3). The cultivars selected were monitored in the previous autumn for natural infections of 

T. discolor (Table 4).  The cultivars were selected as two groups of three cultivars based on the 

infection level observed in March 2011: 1) “low” infection levels i.e. 1-5% leaf area infection; 

and 2) “high” infection levels i.e. >25% leaf area infection.  Five branches were tagged on each 

of two trees of each cultivar and inoculated during December 2011.  Three leaves per shoot were 

removed 22 days after inoculation and assessed for uredia density. 

 

3.5 Data analysis 

All data was analysed using Statistix for Windows Version 9.    In the glasshouse inoculation 

study, leaf area infection, uredia density and urediospore data were analysed using ANOVA and 

means contrasts were conducted using Tukey’s HSD.  For field studies, the relationship between 

leaf area disease following natural infection or inoculation, uredia density and defoliation were 

evaluated using Spearman’s Rank Correlation.      

 

3.6 Results  

3.6.1 Field monitoring of natural infection and defoliation of almond varieties 

3.6.1.1 Loxton 

All 27 almond cultivars were infected with T. discolor, with the level of infection varying 

between cultivar and year (Table 2).  All cultivars developed leaf area infections (LAI) of 4.7% 

or greater in one or more of the four seasons with the highest LAI of 51.9% recorded in Padre 

(Table 2). Carmel, Nonpareil and Price, the three main cultivars grown in Australia, were 

susceptible to rust infection, with Nonpareil and Carmel more susceptible than Price in three out 

of four years.  Other cultivars showing a consistent moderate to high level of susceptibility 

included Butte, Fritz, Le Grand, Livingstone, Ne Plus Ultra, Padre, Sauret and Sonora (Table 2). 
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    At Loxton, sequential sampling of cultivars from leaf emergence to post-harvest in 2009-

10 indicated that except for Le Grand all cultivars followed a similar disease progression (Figure 

1a and Figure 1b).  There were relatively low amounts of infection at Loxton for most of the 

2009/10 season but by April the incidence of rust and the LAI had increased substantially in all 

cultivars (Figure 1a and Figure 1b).  Bureau of Meteorology weather records from Loxton 

indicated that monthly rainfall totals ranged between 38-67 mm and average minimum and 

maximum temperatures ranged from 5.9-16 and 21-33°C, respectively. Disease development was 

slow considering rainfall and temperatures should have been sufficient to produce an earlier 

epidemic. 

 Defoliation of cultivars was correlated (r = 0.39) with LAI at harvest in February 2010 at 

Loxton (Table 3).  The LAI assessments earlier in the season and after harvest did not correlate 

with defoliation (P > 0.05). 

 

3.6.1.2 Waite 

All cultivars at the Waite were infected with rust in 2011.  Infections levels ranged from 1.7% in 

Ferraduel up to 44.9% LAI in Nonpareil (Table 4).  In 2012, the infection levels were all <1% 

LAI at the time of assessment, just prior to inoculation.  Despite the low level of infection in 

2012, the infection levels correlated (r = 0.89) between 2011 and 2012 for the six cultivars that 

were assessed in both years (Table 3). 

 Defoliation varied between cultivars in 2011, with Sauret 75% defoliated by harvest time 

compared with 5% in Masbovera and 155 (Table 4).  Defoliation was positively correlated (r = 

0.61) with LAI in 2011, indicating that cultivars developing a higher LAI also defoliate more 

than cultivars with a lower LAI (Table 3).   

 

3.6.2 Cultivar natural infection rankings between sites and years  
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Cultivar LAI and defoliation did not correlate between seasons at Loxton or with the disease 

assessments at Waite in 2011 (Table 3).  Leaf area infection and defoliation rankings were 

positively correlated.  In the 2009/10 season, defoliation assessed in April 2010 was correlated (r 

= 0.39) with the LAI in February 2010 (Table 3).  Other assessments prior to or after this timing 

did not correlate with defoliation (Table 3).   

      

3.6.3 Glasshouse inoculation of Nonpareil, Carmel and Price 

Rust developed on all three cultivars after inoculation (Table 5).  Nonpareil and Carmel 

developed significantly more rust than Price (Table 5) which had 40% lower LAI and 38-43% 

lower uredia density than the other cultivars.  Urediospore production per uredia was higher for 

Carmel than Nonpareil, while Price did not significantly differ from either Carmel or Nonpareil 

(Table 5).    

 

3.6.4 Field inoculation of cultivars 

3.6.4.1 Loxton 

Several cultivars with low levels of LAI in May 2008 (<0.5%), including Mission, Price and 

Sauret, developed high levels of rust after inoculation in 2009 (Table 2; Figure 2).  The only 

cultivar that produced <1% LAI after inoculation was Mod Alnew 15, with 0.8% LAI compared 

with 12.3% in Mission (Figure 2).     

 

3.6.4.2 Waite 

Uredia production varied between cultivars, with Nonpareil producing 136 uredia/cm
2
 compared 

with 42 uredia/cm
2 

for Masbovera (Figure 3).  The uredia production on the six inoculated 

cultivars correlated significantly (r = 0.83) to the cultivar rankings for natural infection observed 
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in 2011 (Table 3).  The uredia density also correlated strongly with defoliation in 2011 (r = 

0.89). 

 

3.7 Discussion 

Almond cultivars immune to rust were not identified in this study, but differences in 

susceptibility were detected between cultivars.  In most cases, cultivars demonstrating a high 

LAI following inoculation i.e. Nonpareil, Ne Plus Ultra and Sauret; were also highly susceptible 

to natural infection.  The amount of natural infection may not always reflect the cultivar 

susceptibility as factors such as cultivar phenology, inoculum carry over, proximity to inoculum 

source, canopy architecture and local environmental conditions conducive for infection all 

influence disease development. 

The rankings for LAI between the three major cultivars corresponded between field 

monitoring and the glasshouse inoculation experiment where the order of susceptibility was 

Nonpareil ≥ Carmel > Price.  Nonpareil and Carmel the two most widely grown cultivars in 

Australia were highly susceptible to rust.  Barbosa et al. (1994) indicated that highly susceptible 

cultivars require more fungicide applications.  As Nonpareil and Carmel comprise over 80% of 

the planted area in Australia (Almond Board of Australia 2011) there is potential for rust 

epidemics and yield losses to be widespread in the main almond growing areas particularly in 

wet summers.  As a result there will be a continued reliance on fungicides to control T. discolor 

in almonds while Nonpareil and Carmel are the two major cultivars in production.   

There were differences in relative cultivar susceptibility between years and locations.  

Similar results were obtained by Citadin et al. (2010) after screening peach cultivars in Brazil 

over two seasons, where no immunity was observed to T. discolor and disease intensity varied by 

cultivar according to the growing season conditions.  In this study, the Loxton site was not 

reliable for identifying tolerant cultivars but was useful for confirming moderate to highly 
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susceptible cultivars.  This may have been due to there being only single trees available for each 

cultivar and growing conditions hotter and drier than in the Waite planting.   

Monitoring natural rust infection at the Loxton site showed that the disease progression 

of almond rust was similar for all almond cultivars.  Some cultivars developed rust earlier than 

others i.e. Le Grand; with higher leaf incidence observed earlier in the summer.  The severity of 

LAI increased in all cultivars during the same period in late summer which suggests similarities 

between genotypes in general susceptibility once there are suitable conditions for an epiphytotic.  

The escalation of disease severity occurred irrespective of the earlier infection periods during 

spring.  Magarey et al. (2009) observed that rust epidemics did not develop at the same site based 

solely on the parameters of the PRUNERUST model developed by Kable et al. (1991).  Other 

key parameters such as relative humidity were suggested for inclusion in the model as it is 

adapted for the almond industry.   Cultivar susceptibility may also play a role in determining the 

timing and severity of an epidemic.  However these findings suggest that the inter-planting 

requirements for almonds may negate these effects if a tolerant cultivar is planted in alternate 

rows with susceptible cultivars.   

The availability of only single trees of each cultivar was a limitation of the Loxton site.  

However, monitoring over multiple seasons and the use of inoculation on selected cultivars 

enabled further evaluation of whether differences were due to cultivar immunity, tolerance or 

environmental effects.  The ability of all inoculated cultivars to produce urediospores during the 

same period post-inoculation demonstrates that none of the cultivars evaluated at Loxton were 

immune to rust.    

The plantings at the Waite site were useful for assessing cultivar susceptibility and there 

were consistent positive correlations between LAI between seasons, defoliation and uredia 

density after inoculation.  The presence of two trees of each cultivar also provided a greater 

degree of precision to quantify the amount of infection on different cultivars.  While cultivars at 
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Waite site were planted in pairs and local environmental conditions may have influenced 

infection levels, there was limited evidence of environmental effects.  Additional replicate trees 

of Nonpareil and Ne Plus Ultra planted throughout the paddock had consistent infection levels 

between trees. 

Rouse and Sherman (2002) identified 12 resistant peach cultivars after screening 193 

cultivars or advanced accessions based on delayed expression of leaf symptoms and defoliation 

(abscission).  A similar mechanism may be present in some almond cultivars as LAI and 

defoliation were positively correlated at both Loxton and Waite plantings which suggests that 

almond cultivars that are tolerant or less prone to heavy rust infection will have less early 

defoliation.  The slower rate of infection and reduced uredia production in cultivars such as 

Masbovera may provide some opportunity to incorporate rust tolerance into commercial 

breeding programs.  If the tolerance mechanism observed in Masbovera and other less 

susceptible cultivars is highly heritable as per rust resistance peaches as reported by Centellas-

Quezada (2000), then this will allow breeders to incorporate these traits into commercial 

cultivars.   

Tolerant cultivars would need to be selected by introducing tolerance traits into at least 

two cultivars as almonds are predominantly self-incompatible and require cross-pollination 

(Tamura et al. 2000).  To achieve fruit set, cultivars are inter-planted with pollinators in alternate 

rows (Almond Board of Australia 2011).  The development of self-pollinating cultivars is an 

objective of the Australian breeding program and if successful would facilitate a more simple 

and efficient introgression of tolerance traits into a single commercial cultivar.  

Screening almond cultivars for rust resistance by relying on natural infection may have 

limitations based on the variability observed between sites and seasons in this study. In stone 

fruit including almonds, researchers have primarily relied on natural infections during cultivar 

screening (Citadin et al. 2010; Barbosa et al. 1994; Decker and Sherman 1976; Bhardwah 1989; 
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Sharma and Gupta 1990; Sharma et al. 1989).  This methodology may be more suitable for 

screening for immune cultivars as some cultivars appearing more tolerant to natural infection 

over several years were susceptible after inoculation.  Artificially inoculating almond cultivars is 

a more precise method of determining relative susceptibility to rust infection as each cultivar is 

subjected to the same amount of inoculum and enclosing the shoots in moistened plastic bags 

overnight ensures that each cultivar is subject to similar conditions for infection. Both inoculum 

amount and environmental conditions suitable for infection are likely to vary with natural 

infections making cultivar comparisons more variable and possibly misleading in some situations 

particularly if comparisons are made in only one season.   

Reilly and Beckman (2002) developed a method for screening cultivars for resistance to 

multiple stone fruit diseases by placing infected foliage within plots and using misting irrigation 

equipment to induce infections.  In this study, the uredia density was positively correlated to LAI 

and defoliation.  Therefore deliberately inoculating cultivars prior to natural disease development 

could provide a rapid screening method for evaluating both cultivar tolerance and immunity.   
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Table 1. Almond cultivars evaluated for rust infection at the Loxton Research Station 

(Loxton) and University of Adelaide Waite Campus (Waite) 2008-2012. 

Cultivar 
Loxton

A,B 
Waite

A,C 

2008 2009 2010 2011 2011 2012 

Brights Hybrid - - - - Y - 

Brown Brandis - - - - Y - 

Butte  Y Y Y Y Y - 

Carmel Y Y Y Y Y Y 

Chellaston - - - - Y - 

Ferraduel - Y Y Y Y Y 

Ferragnes - Y Y Y Y Y 

Ferralise - Y Y Y Y - 

Ferrastar - Y Y Y Y - 

Fritz - - Y Y Y - 

H184 - Y Y Y - - 

Keane - Y Y Y - - 

Le Grand - Y Y Y - - 

Livingstone - - Y Y - - 

Mackinlay Y Y Y Y Y - 

Masbovera - - - - Y Y 

McMullen - - Y Y - - 

Mission Y Y Y - - - 

Mod Alnem 6 Y - Y Y - - 

Mod. Alnem 8 - - Y Y - - 

Mod Alnem 15 Y Y Y Y - - 

Monterey - - - - Y - 

Ne Plus Ultra Y Y Y Y Y - 

Nonpareil Y Y Y Y Y Y 

Padre - - Y Y Y - 

Parkinson - Y - Y Y - 

Price Y Y Y Y - - 

Sauret  Y Y Y Y Y Y 

Somerton - - Y Y Y - 

Sonora - Y Y Y - - 

Thomson - - Y - - - 

Wood colony - - - - Y - 

155 - - - - Y - 

A 
Y = cultivar assessed for leaf area infection during that year at this site; - = Cultivar was not 

assessed in that site  
B 

The selection of cultivars assessed was expanded between 2008 and 2011 to determine 

susceptibility of a wider range of genotypes. 
C 

A subset of cultivars was assessed in 2012 after natural infection observations from 2011 were 

used to select cultivars with low or high infection for further testing using inoculation. 
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Table 2. Average percent leaf area infected (±stdev) of almond cultivars naturally infected 

with rust and monitored late summer and autumn between 2008-2011 at the 

Loxton Research Station, South Australia.  

Cultivar 
Sample timing

A 

May 2008 February 2009 April 2010 March 2011 

Butte 4.5 ± 7 2.1 ± 5 11.4 ± 9 5.7 ± 12 

Carmel 3.5 ± 10 3.5 ± 9 5.6 ± 6 3.7 ± 8 

Ferraduel   0.01 ± 0.1 4.1 ± 6 12.6 ± 19 

Ferragnes   0.1 ± 0.2 9.0 ± 9 27.9 ± 22 

Ferralise   0.5 ± 2 6.6 ± 6 15.7 ± 18 

Ferrastar   0.0  1.4 ± 2 7.3 ± 10 

Fritz     20.4 ± 15 13.5 ± 16 

H184   0.0  4.7 ± 4 13.2 ± 11 

Keane   0.7 ± 2 4.9 ± 7 5.3 ± 19 

Le Grand   0.04 ± 0.1 10.9 ± 13 3.8 ± 12 

Livingstone     17.3 ± 13 10.4 ± 10 

Mackinlay 2.8 ± 4 0.4 ± 1 15.2 ± 12 3.9 ± 7 

McMullen     22.2 ± 14 9.3 ± 7 

Mission 0.06 ± 0.2 0.0  4.7 ± 6   

Mod Alnem 6 2.9 ± 4   13.4 ± 13 1.3 ± 2 

Mod. Alnem 8     8.8 ± 7 0.9 ± 1 

Mod Alnem 15 0.02 ± 0.1 0.0  10.9 ± 7 1.2 ± 2 

Ne Plus Ultra 1.1 ± 2 3.2 ± 6 11.6 ± 12 5.5 ± 10 

Nonpareil 2.3 ± 3 1.1 ± 5 11.2 ± 11 2.8 ± 5 

Padre     51.9 ± 38 17.6 ± 15 

Parkinson   0.01 ± 0.1   15.6 ± 12 

Price 0.07 ± 0.2 0.02 ± 0.1 3.6 ± 5 5.4 ± 20 

Sauret  13.4 ± 13 0.03 ± 0.1 15.7 ± 14 8.8 ± 11 

Somerton     4.6 ± 5 3.1 ± 5 

Sonora   4.0 ± 9 11.4 ± 16 29.9 ± 25 

Thomson     18.1 ± 16   

  
A 

The selection of cultivars assessed was expanded between 2008 and 2011 to determine 

susceptibility of a wider range of genotypes. 
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Table 3. Comparison of cultivar infection with T. discolor and defoliation between years 

and locations (Loxton and Waite).  

Comparison No. cultivars
A 

r P-value
B 

Leaf area infection    

Loxton    

2008 × 2009 9 0.59 NS 

2009 × 2010  17 0.54 * 

2010 × 2011 23 0.20 NS 

Waite    

2011 × 2012 6 0.89 * 

Uredia density Jan 2012 × LAI 2011
C 

6 0.83 * 

Loxton 2011 × Waite 2011 14 0.10 NS 

Defoliation    

Loxton 2010 × 2011 10 -0.24 NS 

Loxton 2010 × Waite 2011 10 0.42 NS 

Loxton 2011 × Waite 2011 10 0.36 NS 

Leaf area infection × Defoliation    

Loxton 2010 Defoliation 27   

× LAI Oct 2009   0.22 NS 

× LAI Dec 2009   0.37 NS 

× LAI Feb 2010   0.39 * 

× LAI Apr 2010    0.24 NS 

Waite 2011 Defoliation    

× LAI Mar 2011  15 0.61 ** 

× LAI Jan 2012  6 0.71 NS 

× Uredia density January 2012
C 

6 0.89 * 

A
  Number of cultivars tested varied according to the number available for comparison from 

natural infections. 

B
  Spearmans Rank Correlation test significant level: * P<0.05; ** P<0.01; NS – Not significant 

C
 Correlation compares cultivar rankings for defoliation with uredia density following 

inoculation in the Urrbrae cultivar block. 
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Figure 1. Percent incidence (a) and leaf area infected (b) with T. discolor from leaf 

emergence to post-harvest in 25 almond cultivars at Loxton South Australia, 

2009/10.    
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Figure 2. Percent leaf area infected on seven almond cultivars inoculated with T. discolor at  

Loxton experimental site, South Australia and assessed January 2009.    
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Table 4. Percent leaf area infection (LAI) and defoliation of almond cultivars naturally 

infected with T. discolor at the Waite experimental site, South Australia assessed 

March 2011 and January 2012.   

Cultivar 
Mean and standard deviation 

% LAI 2011 % Defoliation 2011 % LAI 2012^ 

Bright’s Hybrid 2.2 ± 1.5 7.5 ± 3.5 - 

Butte 44.1 ± 6.3 50.0 ± 0.0 - 

Carmel 26.9 ± 7.9 30.0 ± 0.0 0.2 ± 0.2 

Ferraduel 1.7 ± 0.4 50.0 ± 0.0 0.08 ± 0.0 

Ferragnes 5.5 ± 2.5 22.5 ± 3.5 0.3 ± 0.1 

Ferralise 3.9 ± 2.0 17.5 ± 3.5 - 

Ferrastar 3.6 ± 2.0 10.0 ± 0.0 - 

Masbovera 2.4 ± 1.1 5.0 ± 0.0 0.0 ± 0.0 

Monterey 19.6 ± 17.1 20.0 ± 14.1 - 

Ne Plus Ultra 26.3 ± 1.2 40.0 ± 14.1 - 

Nonpareil 44.9 ± 16.2 47.5 ± 17.7 0.8 ± 0.5 

Padre 12.8 ± 5.0 52.5 ± 3.5 - 

Sauret 31.2 ± 11.9 75.0 ± 7.1 0.5 ± 0.1 

Wood Colony 7.9 ± 2.1 65.0 ± 0.0 - 

155 2.0 ± 0.2 5.0 ± 0.0 - 

^ Varieties without an LAI value in 2012 were not sampled. 
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Table 5. Percent leaf area infection, uredia density and urediospore production on 

Nonpareil, Carmel and Price 26 days after inoculation with T. discolor at the 

Waite experimental site, South Australia assessed October 2008. 

Cultivar 
Leaf area 

infected (%) 

Uredia density 

per cm
2
 

Urediospores 

per uredia 

Carmel 10.0 a 22.3 a 9293 a 

Nonpareil 10.9 a 24.0 a 5549 b 

Price 4.4 b 13.7 b 6750 ab 

Prob (F) <0.01 <0.01 0.02 

Means followed by the same letter do not significantly differ (Tukey’s HSD: P < 0.05) 
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Figure 3. Uredia production on leaves of seven almond cultivars inoculated with T. discolor 

at the Waite experimental site, South Australia assessed January 2012.    
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4.0 Sources of primary inoculum of Tranzschelia discolor in Australian 

almond orchards 

 

4.1 Summary 

Sources of primary inoculum of almond rust (Tranzschelia discolor) were investigated. Retained 

leaves, fruit not removed during harvest, leaf litter on soil and green or lignified shoots were 

monitored for viable urediospores between harvest and the emergence of new leaves. Retained 

leaves were confirmed as the primary source of overwintering inoculum in almonds with up to 

27% of the urediospores viable at the time of new leaf emergence. Viable urediospores were also 

found on symptomless green shoots, retained fruit and lignified shoots. The viability of 

urediospores on leaf litter rapidly declined to nil within two months. Inoculation of almond stems 

and fruit showed that both were capable of producing uredinia, but were less frequently infected 

compared with leaves. Urediospores from stem or fruit lesions, symptomless green or lignified 

shoots, or leaf litter are not considered to play a major role in the epidemiology of almond rust. 

Inoculation of cherry, peach, nectarine and plum plants with urediospores collected from almond 

leaves did not produce disease symptoms indicating that other stone fruit are unlikely to provide 

an alternative overwintering host for almond rust.  Removal of retained leaves in combination 

with strategic fungicide use may help growers to optimise rust control in almonds. 

 

4.2 Introduction 

Rust, caused by Tranzschelia discolor, is a significant foliar disease of almonds (Prunus dulcis) 

(Teviotdale et al. 2002; McMichael and Pumpa 2006). Heavy rust infections can cause 

premature defoliation, weakening of trees and reduced return bloom (Micke 1996: University of 

California 2009). In stone fruit, T. discolor can cause significant reductions in fruit yield and 
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quality via early defoliation, incomplete ripening and lesions on fruit, as well as causing a long-

term decline in tree vigour (Ellison et al. 1988; Soto-Estrada et al. 2003)). 

Tranzschelia discolor is macrocyclic with spore stages including urediospores, 

teliospores, basidiospores, pycniospores and aeciospores (Laundon and Rainbow 1971; 

Adaskaveg et al. 2000). Tranzschelia discolor is heteroecious with known hosts including 

Prunus spp. and Anemone coronaria. Urediospores and teliospores are produced on Prunus spp., 

while pycniospores and aeciospores are produced on A. coronaria (Laundon and Rainbow 1971; 

Lopez-Franco and Hennen 1990). Urediospores produced on Prunus spp. and aeciospores 

produced on A. coronaria only infect Prunus spp. (Adaskaveg et al. 2000). Teliospores 

germinate after overwintering to produce basidiospores, which only infect the alternate host A. 

coronaria (Adaskaveg et al. 2000). 

Urediospores are the primary means of over-wintering and infection in almonds (Carter et 

al. 1970; Ellison et al. 1987). In stone fruit, uredinia are found mainly on leaves, but in some 

species such as peaches, they are also produced on young green stems (twigs) and on infected 

fruit (Soto-Estrada and Adaskaveg 2004). In peaches, stem lesions are considered a major source 

of overwintering inoculum when trees are completely defoliated (Soto-Estrada et al. 2003). In 

Australia, T. discolor twig lesions do not readily occur on prune trees and it is considered an 

exclusive pathogen of leaves (Ellison et al. 1987). In almonds, leaves are considered the main 

plant part affected by rust, but young twigs can also become infected (University of California 

2002). 

The infection process of T. discolor occurs via the stomata on the underside of leaves, 

with temperature and leaf wetness the most critical factors determining infection (Ellison et al. 

1988; Kable et al. 1991; Martins and Amorim 1999; Thakur and Xu 2004). In the presence of 

free water, urediospores germinate between 5°C and 30°C and over 80% of spores germinate 

within two hours of incubation at 10–28°C (Ellison et al. 1990). As a result, epidemics of T. 
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discolor in almonds are generally associated with warm weather and periods of high humidity 

and leaf wetness (University of California 2002; McMichael and Pumpa 2006). 

Urediospores are readily liberated and dispersed from sori via wind and/or rainsplash 

(Carter et al. 1970). Water may spread inoculum onto new leaves within the tree from 

overwintering sites in the canopy, while dry liberation of urediospores from sori occurs with 

short and strong gusts of wind (Carter et al. 1970). A 10-fold increase in the liberation of 

urediospores can occur when water droplets from heavy rainfall or overhead irrigation strike the 

upper surface of infected leaves (Carter et al. 1970). 

Overwintering survival of T. discolor was examined in prune orchards in NSW where 

viable urediospores were found in stone fruit on leaves that overwinter as litter in the canopy or 

on the ground (Ellison et al. 1987). Unlike stone fruit, in most growing regions almonds do not 

completely defoliate during winter which may facilitate overwintering of urediospores (Kable et 

al. 1986). Studies of rust in prunes have indicated that up to 20% of spores on leaves in the 

canopy can remain viable over the dormant period, while around 5% of spores from leaves on 

the ground may also remain viable (Ellison et al. 1987). The main climatic factor governing 

urediospore survival is temperature. At temperatures below 25°C, there is a negligible decline in 

urediospore viability, while temperatures above 25°C dramatically reduce viability (Ellison et al. 

1988). 

Other Prunus species, such as stone fruit, are often planted within the same growing 

regions as almonds. If the strain of T. discolor from almonds can infect stone fruit and vice versa, 

there is a potential for stone fruit to act as an alternative host of T. discolor from almonds. 

However, this will depend upon the degree of physiological specialisation that occurs in T. 

discolor, which has been observed among various Prunus species (Bolkan et al. 1985; Ved Ram 

et al. 1999; Martins and Amorim 2000). The alternate host of the aecial phase of T. discolor, A. 
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coronaria, is also present in Australia. As it is primarily an ornamental plant, the relative 

importance of this alternate host is unknown in Australian almond and stone fruit production. 

A decision support system, similar to the one developed by Kable et al. (1991), is being 

evaluated in almonds (Magarey et al. 2009) and the accuracy of the system may ultimately 

depend upon the presence or absence of a primary inoculum source. Soto-Estrada et al. (2003) 

established that the timing of fungicide applications for rust in stone fruit could be improved by 

monitoring inoculum sources in conjunction with rainfall events. The success of predicting rust 

outbreaks in almonds may depend upon an understanding of the role of primary inoculum 

sources. 

The epidemiology of T. discolor on almond in Australia has not been described or 

quantified. While significant information has been generated on other stone fruit, key 

information including primary inoculum sources has not been determined for almonds. The 

following study investigates sources of primary inoculum of T. discolor in almonds. 

 

4.3 Materials and methods 

4.3.1 General procedures 

4.3.1.1 Assessing urediospore viability 

Urediospores were removed from leaves, nuts, green shoots or lignified shoots by placing them 

into separate resealable plastic bags, adding 5–15 mL of reverse osmosis purified water (ROW) 

and then shaking the sealed bags vigorously by hand for 30 s. The concentration of dislodged 

urediospores was measured using a haemocytometer slide and examined microscopically at 100× 

magnification. 

A 1 mL disposable pipette was used to transfer the spore suspension onto two tap water 

agar (TWA) plates at five or six marked points. The TWA plates were placed in two layers 

(arranged by replicate) onto a plastic tray, enclosed in a plastic bag and incubated at 18°C for 20 
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h. After incubation, germination and germ tube growth was stopped by adding two droplets of 

formalin acetic acid (FAA) to each marked point on the TWA. 

Spore germination was assessed microscopically (20×) by examining urediospores for the 

presence of germ tubes. Urediospores were considered germinated when the germ tube had 

grown as long as the width of the germ tube (Manners 1966). Four of the marked points on the 

two TWA replicate plates were randomly selected and 25–50 urediospores were observed so that 

a minimum of 100 urediospores were assessed per sample. 

 

4.3.1.2 Inoculation of leaves, shoots and fruit with urediospores 

Leaves, stems and fruit were inoculated with urediospores using a standard method based on 

procedures reported by Kable et al. (1986). Around 10–20 leaves heavily infected with 

sporulating uredinia were placed into a resealable plastic bag along with 0.5–1.0 L of ROW. The 

bag was vigorously shaken for 30 s and the suspension poured into a plastic atomiser bottle. In 

each experiment the inoculum concentration was adjusted to 10
5
 urediospores/mL. 

Terminal shoots on almond trees or potted plants were selected for inoculation and 

tagged using plastic ribbon. Potted almond plants were grown singly in 10L pots containing a 9 

to 1 mixture of coco peat and sand.  The plants were grown in a glass house at the University of 

Adelaide Plant Research Centre where the temperature was maintained at around 22°C and the 

relative humidity ranged between 40 and 70%. 

Leaves, stems and/or nuts were then inoculated by spraying the underside of leaves or the 

entire area of twigs/fruit with the spore suspension. Immediately after inoculation a clear plastic 

bag moistened with ROW was placed over the shoot and secured with a plastic clothes peg. The 

bags were left on the shoots overnight for a minimum of 12 hours to maximise infection and then 

removed the following morning (Kable et al. 1986). The viability of the inoculum was also 
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assessed immediately after application by incubating urediospores on TWA plates as previously 

described. 

 

4.3.2 Urediospore survival 

In this experiment, urediospore survival on leaves, nuts retained after harvest, green shoots and 

bark was investigated. Potential overwintering sites for T. discolor were examined on unsprayed 

almond trees on commercial plantings of cultivars ‘Chellaston’ at Angle Vale and ‘Johnston’s 

Prolific’ at Willunga, ~50 km north and south of Adelaide, respectively. Initial samples were 

collected from each site approximately ten weeks after harvest on 22 May 2008 from five 

unsprayed trees. These samples included: (1) ten retained leaves; (2) ten nuts retained on the 

trees after harvest; (3) ten × 20 cm of terminal green shoots from the outer canopy; and (4) ten × 

20 cm sections of older twigs (lignified shoots <2 cm diameter and covered in bark) from the 

outer canopy. At the Angle Vale site, 72.4 g of green shoots and 132.1 g of twigs were collected, 

while at Willunga, 61.8 g of green shoots and 113.3 g of twigs were collected. 

To avoid cross-contamination, each set of samples were collected separately using 

disposable gloves. Samples were placed into separate resealable plastic bags and taken to the 

laboratory. The green shoots and nuts were carefully examined for the presence of uredinia under 

a dissecting microscope before they were shaken with water to extract urediospores. A similar 

procedure described previously for leaves was undertaken with the green shoots and twigs, 

however, these were first cut into four equal pieces ~5 cm long before adding ROW. 

Washings from these samples were collected and transferred onto a separate microscope 

slide and examined at 100× for the presence of urediospores. If urediospores were detected, the 

concentration was quantified using a haemocytometer. Urediospore viability was also measured 

for each sample on a TWA plate provided the suspension was not contaminated with other 

fungal spores, dirt and plant material inhibiting the microscopic examination of urediospores. 
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To determine whether latent infections were present on green shoots, the green shoots 

were surface sterilised using 10% hypochlorite bleach and placed onto moistened paper 

towelling on trays and incubated at room temperature. After 14 days, the shoots were inspected 

for uredinia and another attempt was made to wash urediospores from the green shoots (using the 

same procedures). The wash solution was then assessed for the presence and quantity of 

urediospores as described previously. 

A second set of retained leaf samples was collected from the sampling trees at both sites 

on 21 July 2008 just after bud burst when new leaves had emerged. Leaf samples were also 

collected from the adjoining row of ‘conventionally managed’ almonds. The conventional 

grower management involved monthly spray applications of a multi-site protectant fungicide like 

mancozeb or chlorothalonil. At both sites the adjoining rows contained the variety ‘Johnston’s 

Prolific’. Observations were also made on the number of retained leaves per tree in both the 

unsprayed sampling trees and the conventionally managed adjoining rows. Urediospores were 

removed from each set of leaves and evaluated for percentage viability. 

 

4.3.3 Viability of urediospores on retained leaves and leaf litter 

This experiment compared the viability of urediospores on retained leaves with that of 

urediospores on fallen leaves on the soil surface to determine the contribution of each source to 

primary inoculum. Two sites were selected which consisted of unsprayed trees from the previous 

season. The cultivar ‘Chellaston’ was used at Angle Vale and ‘Parkinson’s Peculiar’ at Willunga, 

as both cultivars had a history of rust infection in previous years.At both sites, rust infections 

were present on leaves retained after the February/early March 2008 harvest. Sampling of both 

monitoring sites commenced on the 27 March 2008. At each site, a total of 200 leaves with 

obvious rust infection (uredinia) were collected from each site from unsprayed trees and placed 

into an open weave onion bag. The bags were pegged onto the soil surface in the middle of the 



 59 

row under the almond tree canopy. Another 200 rust-infected leaves were removed from the 

same trees, placed in similar bags, transported to the laboratory, and stored at room temperature 

(~20–25°C). 

To determine the viability of the urediospores at the initial and subsequent sampling 

times, ten leaves from each site were removed from the open weave bag and urediospores were 

collected and tested as previously described. The remainder of the leaves were kept in the bags at 

room temperature in the laboratory. 

Subsequent sampling of leaves from the field and the laboratory was undertaken monthly 

for 4 months (April–July), and ceased at both sites when new leaves were produced on the 

sampling trees. 

 

4.3.4 Susceptibility of shoots to rust infection 

This experiment was undertaken to determine whether uredinia of T. discolor develop on almond 

shoots and produce inoculum. Potted plants of the three main cultivars under production in 

Australia, ‘Price’, ‘Carmel’ and ‘Nonpareil’, were inoculated with urediospores. Due to the 

availability of potted plants, inoculations were made at two different dates. At the first 

inoculation date (27October 2008), single shoots on six potted plants of both ‘Price’ and 

‘Carmel’ were tagged and inoculated using the standard procedure. At the second inoculation 

date (4 December 2008), shoots on four potted plants of ‘Price’ and ‘Nonpareil’ were inoculated. 

The presence or absence of sporulating pustules was recorded on leaves and stems 13 and 

16 days after inoculation. A final inspection was conducted 72 and 110 days after the first and 

second inoculation timings, respectively. Shoots were removed and inspected using a dissecting 

microscope. 

Where uredinia were found, they were removed by slicing off the lesion with a scalpel 

and placing the tissue into a Macartney bottle in 5 mL of ROW. The bottle was shaken for 30 s 



 60 

before several droplets of the suspension were transferred onto a microscope slide and examined 

under a microscope (100×). 

 

4.3.5 Evaluation of the susceptibility of the fruit of seven almond cultivars to infection by 

T. discolor 

After uredinia were observed on retained nuts in the first experiment, this study was conducted to 

evaluate the potential for rust infection and inoculum production on the hull of developing fruit. 

Single trees of almond cultivars ‘Nonpareil’, ‘NePlus Ultra’, ‘Sauret1’, ‘Mission’, ‘Price’, 

‘Carmel’ and ‘Mod Alnem 15’ grown at the Loxton Research Station were inoculated on 11 

January 2009. This timing was selected to ensure fruit of the different cultivars were all at a 

similar stage (i.e. >50% of final size) and was undertaken at a time when rust outbreaks are 

usually observed. Four terminal branches with developing fruit were selected, one on each side 

of the row, and one either side within the row. Shoots were inoculated in the late afternoon to 

minimise scorching and were enclosed in plastic bags that were removed the following morning. 

The four inoculated branches per tree were removed 31 days after inoculation when no 

further uredinia developed on leaves and just before the start of the almond harvest. The branch 

samples were removed and inspected under a dissecting microscope. Each fruit was carefully 

removed from the branch and the presence or absence of dark brown lesions and uredinia 

recorded. 

 

4.3.6 Pathogenicity of T. discolor urediospores collected from almond leaves on apricots, 

peaches, nectarines and cherries 

This experiment was undertaken to determine whether stone fruit could become infected with 

rust inoculum from almond and produce new inoculum. Single potted plants of five species of 

Prunus were selected for inoculation. These included the almond cultivar ‘Price’ and four most 



 61 

widely grown stone fruit cultivars in almond growing districts of Australia. The cultivars 

selected included cherry cv. ‘Stella’, peach cv. ‘J.H. Hale’, nectarine cv. ‘Firebrite’ and apricot 

cv. ‘Moorpark’. All plants were in six inch pots, 1–1.5 m tall, 12–24 months old and were non-

bearing. Three terminal branches per plant each bearing at least five leaves were tagged and 

inoculated (using standard procedures) with a 10
5
 spores/mL suspension of T. discolor 

urediospores collected from almond leaves. Plants were then placed on the concrete floor of a 

wooden shed overnight, then stored in the open air and watered routinely as required. 

Leaves were inspected 6, 7, 8, 13 and 41 days after inoculation, and the presence of symptoms 

including leaf discoloration, chlorotic spots, the development of uredinia and urediospores on 

leaves and/or shoots were recorded for each branch (Kable et al. 1986). 

 

4.3.7 Role of teliospores in the epidemiology of T. discolor in Australia 

To determine whether teliospores produced on almonds could germinate and potentially infect 

the alternate host (A. coronaria), telia were collected from infected leaves from a block of 

almond cultivars at the Loxton Research Station in February 2009. 

A spore suspension containing the telia was created by removing leaf discs (each ~8 mm in 

diameter) and placing them into a Macartney bottle containing 5 mL of ROW. As per procedures 

for urediospore removal, the telia were removed by shaking the bottle. A sample of the 

suspension was then examined microscopically to confirm the presence of teliospores. 

To compare the viability of the two spore types, a separate suspension of urediospores was 

prepared using standard procedures. Each of these solutions was placed onto six TWA plates at 

six marked positions and then incubated in the dark at 20°C. Two TWA plates containing each 

spore type were removed after 2, 6 and 24 h incubation and the % germination of each spore type 

determined. 
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4.3.8 Data analysis 

Percentage urediospore germination one month after establishment was compared using analysis 

of variance (ANOVA) in Microsoft Excel.  The Willunga and Angle Vale monitoring sites were 

used as the two replicates for the ANOVA, with the factors established as 1) retained leaves 

(‘Canopy’); 2) ground stored leaves (‘Ground’); and 3) leaves stored in the laboratory (‘Lab’).   

Subsequent assessments (from two to four months after establishment) were analysed using t-

tests comparing percentage germination from the canopy and lab samples.  Using Statistix for 

Windows, Pearson’s correlation was used to compare spore viability between monitoring sites 

for retained leaves and laboratory stored leaves.  For all statistical tests a significance level of P 

< 0.05 was used. 

 

4.4 Results 

4.4.1 Urediospore survival 

At the first sample ten weeks after harvest, urediospores were detected on all plant parts. The 

highest numbers of urediospores were removed from leaves, compared with other tissue, as 

shown in the washing solutions that measured 70000 spores/mL from leaves compared with 

10000 spores/mL from shoots. Viable urediospores were washed from the green shoots and the 

retained leaves at both Willunga and Angle Vale. The viability of urediospores was highest on 

retained leaves at both sites (25–31%) compared with the shoots (3–8%). The germination of 

urediospores washed from the nuts and twigs could not be accurately measured due to excessive 

contamination in the spore suspension from plant material, dirt and a variety of microorganisms. 

No urediospores were found in the first washing solution sampled after the green shoots 

were surface sterilised and incubated. However, an examination of the washing solution from 

shoots at the second extraction revealed the presence of spores similar in size to T. discolor 
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urediospores (16 × 25 µm). These spores could not be identified as T. discolor as the cell walls 

were not verucose and they were slightly more rounded. These may have been immature spores 

from stem lesions or their appearance was affected by contact with sodium hypochlorite during 

the surface sterilisation. 

Lesions bearing urediospores were not found on the shoots examined under a dissecting 

microscope. The twigs collected for urediospore extractions were lignified and covered with 

bark; therefore the urediospores washed from the samples most likely originated from uredinia 

on surrounding leaves and were spread via wind/rain splash. 

The retained nuts that were collected were generally shrivelled and mummified with a 

dry and hard husk, stained by gum from infections from other pathogens such as Wilsonomyces 

carpophilum which was common on the unsprayed trees. However, microscopic examination 

showed that uredinia had developed on the old retained nuts. 

At the final sampling just after bud burst the number of leaves retained on the 

‘Chellaston’ trees monitored at Angle Vale was low. There was variability in the number of 

retained leaves on the sampling trees with only one tree out of the five unsprayed sampling trees 

retaining leaves (15 leaves on the tree). On the other trees, leaves had dropped early due to 

relatively high levels of rust infection. At Willunga higher numbers of leaves were retained on 

the unsprayed ‘Parkinson’s Peculiar’ monitoring trees than the unsprayed ‘Chellaston’ trees at 

Angle Vale. For example, at Willunga four out of the five monitoring trees retained leaves, with 

an average of 1.8 leaves per 0.5 m length of branch equating to an average of over 100 leaves 

retained per tree. At both sites there was a low level of rust infection (<1% leaf area infected) on 

the adjacent conventionally managed trees. The viability of urediospores from the adjoining rows 

at Angle Vale was 7.6% compared with 27% in adjacent trees. This contrasted to Willunga, 

where the viability of urediospores on the leaves from the adjoining rows was 11% compared 

with 19% on unsprayed retained leaves from the monitoring trees. 
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4.4.2 Viability of urediospores on retained leaves and leaf litter 

At the time of initial collection the germination of urediospores was 67% and 44% for spores 

from the Angle Vale and Willunga sites, respectively (Figure 1a and Figure 1b). Thereafter the 

viability of urediospores from all samples declined over time. The viability of the laboratory 

‘control’ samples declined at a similar rate (r = 0.89) and had a viability of 3% at both sites after 

four months storage.   

There was decline over time in the viability of urediospores on retained leaves at both 

sites (r = 0.87). However, four months after initial establishment at the time of new leaf 

emergence, there were viable urediospores on retained leaves at both Willunga and Angle Vale, 

with 11.2% and 27.2% viability, respectively. 

After one month there was no significant difference in urediospore viability between 

retained leaves, leaf litter or the laboratory (P = 0.15).  Two months after initial establishment, 

there were no viable urediospores on leaf litter from the Willunga site (Figure 1b) and the leaves 

from the Angle Vale site had completely disintegrated.  The viability of urediospores was 

significantly lower (P < 0.01) on laboratory samples than retained leaves after two months. At 

the three and four month sampling timings, there was no significant difference in urediospore 

viability on retained leaves and laboratory stored leaves (P > 0.05).   

 

4.4.3 Susceptibility of shoots to rust infection 

Lesions were detected on the shoots of all three almond cultivars. The development of shoot 

lesions appeared to vary between cultivars. For example, at the first inoculation timing, uredinia 

developed on four of the six ‘Carmel’ shoots and on one of the six ‘Price’ shoots that were 

inoculated. At the second inoculation timing none of the 18 inoculated shoots of ‘Price’ 

produced uredinia, while two of the six inoculated shoots of ‘Nonpareil’ developed uredinia. 
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The frequency of infection was generally lower on shoots compared with leaves where 

>100 uredinia developed by 16 days after inoculation. The shoot lesions developed as oval to 

circular raised bumps, light orange to light red in colour and were similar to stem lesions 

described on peach (Soto-Estrada et al. 2005), with the cuticle swelling then splitting with 

urediospores produced in the centre of the lesion. 

Urediospores washed from the shoot lesions and examined under the microscope were 

similar in size and general appearance to urediospores from leaves. However, minor differences 

were observed including a thickening of the narrow end of the urediospore, resembling those 

previously extracted from stems after surface sterilisation. The general observation of the 

uredinia and the urediospores were that they had an immature appearance. 

 

4.4.4 Evaluation of the susceptibility of the fruit of seven almond cultivars to infection by 

T. discolor 

Two out of seven cultivars developed fruit lesions and produced uredinia, including the major 

cultivar ‘Carmel’. These uredinia appeared similar to those produced on leaves. Seven out of ten 

fruit on ‘Carmel’ developed lesions, but only two fruit produced uredinia. The other cultivar with 

symptoms was ‘Sauret 1’, in which half of the inoculated fruit had lesions and a third produced 

uredinia. 

 

4.4.5 Pathogenicity of T. discolor urediospores collected from almond leaves on apricots, 

peaches, nectarines and cherries 

Except for almonds, none of the stone fruit species inoculated with urediospores (from almonds) 

produced symptoms. On the almonds, small (<1 mm), faint chlorotic spots appeared on the 

inoculated leaves on all three inoculated shoots, six days after inoculation. At 13 days after 

inoculation, developing uredinia were observed on all inoculated almond leaves. 



 66 

 

4.4.6 Role of teliospores in the epidemiology of T. discolor in Australia 

After six hours incubation at 20°C, over 88% of the urediospores germinated, whereas none of 

the teliospores had germinated after 96 h incubation at 20°C. 

 

4.5 Discussion 

On almonds, urediospores overwintering on leaves retained in the canopy were confirmed as the 

major source of inoculum for new leaf growth in spring. Both monitoring sites demonstrated that 

>10% of the inoculum on retained leaves was viable at the time when new leaves emerged. 

Variability in the viability of urediospores may be due to the variability in the age of the 

urediospores, as suggested in similar studies by Soto-Estrada and Adaskaveg (2004). The greater 

urediospore viability on retained leaves compared with the laboratory stored leaves at the two 

month sampling timing suggests that the retained leaves are continuing to produce viable 

inoculum. 

The potential for other Prunus species to act as an alternative host for T. discolor 

produced on almonds is unlikely. There were no symptoms produced on any of the four stone 

fruit species inoculated with almond rust. This further supports the cross-inoculation studies by 

Bolkan et al. (1985) and Kable et al. (1986), showing that physiological specialisation occurs 

within T. discolor and that separate races develop on various Prunus species. A formae speciales 

was proposed for almond rust, T. discolor f. sp. dulcis (Bolkan et al. 1985). 

The potential role of the aecial phase in the epidemiology of almond rust is doubtful in 

Australia. This corresponds with observations that alternate hosts do not play a major role in the 

lifecycle of rust in almond or other stone fruit in the United States (Ogawa and English 1991). 

While the aecial host (A. coronaria) is present in Australia, it would be rare in the areas of large 

scale almond production. Therefore, the probability of teliospores produced on almonds coming 
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into contact with A. coronaria appears relatively low. In addition, Anikster (1986) determined 

that T. discolor teliospores require pre-soaking in cold water (4°C) for continuous periods of up 

to six days to break dormancy. This suggests that even if the aecial host was present near almond 

trees, the specific moisture × temperature conditions suitable for infection are unlikely to occur. 

Urediospores did not survive for a comparable length of time in leaf litter to those on 

retained leaves in the canopy. Breakdown of leaves via microbial decomposition and feeding by 

slugs or snails probably contributes to reductions in viable urediospores from sources like leaf 

litter. This corresponds to the findings of Ellison et al. (1987), who found that urediospore 

survival on leaf litter on the soil surface was significantly lower than on leaves held within the 

framework of the trees. The contribution of leaf litter to new infections in almonds each season is 

likely to be significantly less important than the retained leaves or stem and fruit infections in the 

framework of the tree. 

The production of inoculum on other plant parts (i.e. shoots and fruit) suggests that they 

are potential overwintering sites for T. discolor in the canopy and primary infections of new 

almond leaves could occur from these sources. However, the shoots and fruit do not appear to be 

as easily infected as leaves. Studies by Soto-Estrada et al. (2005) also found fewer stem lesions 

than leaf lesions were produced on potted peach plants after inoculation. Young stems were 

found to be more susceptible than older stems (>32 weeks) which form a wound periderm and 

limiting further mycelial development. It was also found that stomata are mostly closed and 

recessed on young stem tissue, thus making germ tube entry more difficult. Similar mechanisms 

may be involved in almonds as the level of infection of stems achieved by inoculation in this 

study was also lower and more infrequent than leaf infections. The role of stem lesions in the 

epidemiology of T. discolor in peaches has been established in several studies (Soto-Estrada et 

al. 2003; Soto-Estrada and Adaskaveg 2004). However, the development of rust epidemics in 
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almonds does not appear to be dependent on inoculum from stem lesions, as few developed on 

inoculated plants under ideal conditions in a glasshouse and they are rarely seen in the field. 

The production of uredinia on the hull (mesocarp) tissue of nuts is also likely to have 

limited significance for the epidemiology of T. discolor in almonds. Ogawa and English (1991) 

indicated that rust infections on the fruit of Prunus species other than peaches were rare and of 

no consequence. The majority of fruit are also mechanically removed during harvest which 

reduces the number of potential overwintering sites on fruit. The senescence and drying of the 

hull would make further infection of nuts unlikely and also preclude further cycles of infection 

and production of new urediospores. Therefore, any infected fruit that is retained will have a 

declining quantity of viable urediospores before new leaf production. 

Urediospores washed from symptomless green and lignified shoots at Angle Vale and 

Willunga probably spread onto those plant surfaces by wind or rainsplash from adjacent infected 

leaves. Unlike Soto-Estrada and Adaskaveg (2004), viable urediospores were found on 

symptomless green shoots during the dormant period. However, the viability was relatively low 

compared with the urediospores on the retained leaves. As for the retained fruit, the lack of new 

inoculum production on these plant surfaces means that there will be a natural decline in the 

number of viable urediospores to initiate new infections on the following crop. This corresponds 

with the findings of Adaskaveg et al. (2000), that T. discolor urediospores contaminating twigs 

and buds on peaches were unlikely to be primary inoculum sources as they are short lived and do 

not survive the dormancy period. 

The presence of a significant quantity of viable urediospores at the time of new leaf 

production in mid- to late-winter coincides with the wettest period of the year. Provided that 

minimum temperatures are >5°C, infection of new leaves can occur with urediospores from 

retained leaves. Infection of new leaves with inoculum collected from leaf litter in the canopy of 

prune trees was demonstrated by Ellison et al. (1987). While latent periods and infection cycles 
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would be longer during the cooler months, transfer onto new leaves during this period ensures 

that the disease is able to re-establish each season. Given that the majority of rainfall in 

Australian almond production regions occurs during winter, there is a clear opportunity for 

transmission of urediospores from retained leaves in the canopy to new leaves during late winter 

and early spring. 

Removing retained leaves after harvest in autumn using a defoliant spray is a 

recommended hygiene practice in the almond industry, although not practised by all growers. 

Growers that defoliate after harvest may reduce or significantly delay the onset of rust in the 

subsequent crop (McMichael and Pumpa 2006). The earlier the trees are defoliated after harvest, 

the less likelihood of inoculum carrying over to infect new leaves in the following crop. 

However, the efficacy of defoliation may vary significantly between cultivars. The importance of 

removing retained leaves was highlighted particularly by the viability of inoculum present on the 

retained leaves on the adjacent conventionally managed rows. This is of particular concern as 

there was >50% of the leaves still retained over the dormant period, thus providing a ‘green 

bridge’ for T. discolor over the dormant period. 

Later flowering cultivars (i.e. ‘Nonpareil’) may avoid the peak period of potential 

overwintering infection and would support fewer infection cycles during the growing season. 

However, due to pollination requirements, almond orchards contain a range of varieties with 

varying dormancy periods, including varieties such as ‘Carmel’ that flower earlier than 

‘Nonpareil’ and may provide a green bridge for the disease. Depending on the relative 

susceptibility of different cultivars, if infections are initiated on the early cultivars they will 

spread to other later cultivars if favourable conditions prevail for disease development. 

In stone fruit, rust control involves a combination of cultural practices including removal 

of inoculum sources during winter and protective fungicide sprays from budswell (Hetherington 

2005; Bright et al. 2008). However, in Australia, the timing of the first fungicide application for 
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rust control in almonds is currently not recommended, where regular crop monitoring is 

undertaken, until December (McMichael and Pumpa 2006). A similar approach is used in 

California, where control of almond rust with fungicides is recommended from five weeks after 

petal fall, usually coinciding with mid- to late-spring (Adaskaveg et al. 2008). 

Given the potential difficulties with complete defoliation of almonds, post-harvest, 

dormant or early flowering sprays could help to further reduce the quantity of viable 

overwintering urediospores before new leaf production. The efficacy of dormant sprays on peach 

rust was evaluated by Soto-Estrada et al. (2003), who found that dormant sprays of liquid lime 

sulfur, chlorothalonil or thiophanate-methyl/agricultural oil were generally ineffective. However, 

the rust/peach pathosystem differs to almonds in that mycelia in stem lesions play a major role in 

overwintering of T. discolor on peaches. Late-autumn applications of fungicides are 

recommended to prevent stem lesions development in other stone fruit species (Ogawa and 

English 1991). In almonds, urediospores on retained leaves are the primary overwintering 

mechanism; therefore there may be greater scope to reduce the quantity of viable inoculum on 

retained leaves with a post-harvest and/or dormant fungicide application. 

These findings suggest that to accurately predict rust outbreaks in almonds and apply 

appropriate control measures, it may be important to include a measurement of inoculum 

viability or quantity. Future work should investigate more effective defoliation methods after 

harvest, the efficacy of dormant sprays in reducing rust inoculum and the relative value of 

measuring inoculum quantity and viability in forecasting rust epidemics. 
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Figure. 1. Decline in the viability of Tranzschelia discolor urediospores washed from leaves 

either collected from the canopy, stored on the ground or stored in the laboratory 

for samples from cv. ‘Chellaston’ at Angle Vale (a) or cv. ‘Parkinson’s Peculiar’ at 

Willunga (b)   
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5.0 Field evaluation of fungicides for the control of rust, brown rot, shot 

hole and scab in almonds 

 

5.1 Summary 

Three field trials were conducted during 2007 and 2008 to evaluate a range of new fungicide 

products for control of rust, brown rot, shot hole and scab in almonds in South Australia. 

Azoxystrobin, pyraclostrobin + boscalid, pyraclostrobin + metiram and chlorothalonil controlled 

rust, whereas propiconazole was less effective with limited residual activity. Under heavy 

disease pressure boscalid, azoxystrobin and pyraclostrobin + metiram controlled brown rot, 

whereas captan was significantly less effective and the efficacy of propiconazole was 

inconsistent between sites. Shot hole was controlled most effectively with azoxystrobin, captan, 

pyraclostrobin + boscalid and pyraclostrobin + metiram, with propiconazole being less effective. 

All of the fungicides evaluated significantly reduced scab infections, with limited difference 

between the fungicides and formulations. Future fungicide work in almonds should focus on new 

product evaluation as well as refining use rates and timing to optimise disease control. 

 

5.2 Introduction 

Australian almond growing was originally based in suburban Adelaide (Moss and Cowley 1970) 

and then later in areas within 50 km north and south of Adelaide (Baker and Gathercole 1984). 

During the past decade the Australian almond industry rapidly expanded into the Riverland and 

Sunraysia districts of South Australia and Victoria. The area planted to almonds has increased 

significantly from ~5000 ha in 2000, to more than 27 000 ha in 2008 (Almond Board of 

Australia 2008). 

Foliar disease control is a major issue for Australian almond production with several 

important fungal pathogens occurring in Australia including rust [Tranzschelia discolor (Fuckel) 
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Tranzschel & Litv.], shot hole [Wilsonomyces carpophilum (Lev) Adaskaveg, Ogawa & 

E.E.Butler] and brown rot [Monilinia laxa (Adehold & Ruhland) Honey]. Other minor diseases 

can also occur such as scab [Venturia carpophila E.E. Fisher (anomorph Cladosporium 

carpophilum Thuem)]. 

Severe rust infections can cause premature defoliation of trees and the production of new 

leaves but the effects on crop loss in almonds is unknown (Teviotdale et al. 2002). In contrast, 

shot hole infections can cause crop losses of at least 36% (Highberg and Ogawa 1986) 

particularly where severe gumming from infection of the almond nuts makes them difficult to 

remove from the tree during harvest (Moss 1961). Almond petals, anthers and stigmas are 

susceptible to brown rot and infections cause blossom blight and twig collapse, often resulting in 

severe crop loss (Teviotdale et al. 2002). Scab infections occur on both leaves and fruit, with 

severe leaf infections resulting in premature defoliation of trees (Ogawa and English 1991). 

A range of fungicides applied during spring and particularly around the time of 

flowering, control these diseases overseas (Teviotdale et al. 2002). In Australia, the number of 

fungicides registered for use on almonds is limited, with brown rot controlled by iprodione and 

mancozeb. Shot hole and rust are controlled by mancozeb and chlorothalonil (McMichael and 

Pumpa 2006). Other fungicides such as captan, propiconazole and azoxystrobin are only 

available under temporary permits and are only recommended for use in almonds on anthracnose 

(caused by Colletotrichum acutatum) and brown rot. 

Of the more recently developed fungicides, products containing a strobilurin (Group 11) 

fungicide have shown a high level of efficacy on all four classes of plant pathogenic fungi 

(Bartett et al. 2001). Strobilurin fungicides such as pyraclostrobin and azoxystrobin have 

systemic (translaminar) movement, metabolic stability in plant tissues and have post-infection 

(curative) activity on T. discolor (Bartett et al. 2001; Soto-Estrada et al. 2003). Overseas 

research has demonstrated that strobilurin fungicides, e.g. pyraclostrobin + boscalid, 
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azoxystrobin; provide a high level of control of M. laxa, T. discolor, W. carpophilum and C. 

carpophilum (Holtz and Hoffman 2004, Holtz and Hoffman 2005; Holtz and Martin-Duvall 

2006a; Brannen et al. 2008). Soto-Estrada et al. (2003) found that targeted applications of a 

strobilurin fungicide in peaches reduced the number of sprays for T. discolor to two per season in 

a wet year and one per season in a dry year. 

The curative activity of the DMI (de-methylation inhibitor) fungicide propiconazole on T. 

discolor was reported by Kable et al. (1987a), who demonstrated that propiconazole applied up 

to 7 days after infection completely inhibited rust development in stone fruit. Propiconazole is 

also registered for the control of M. laxa in stone fruit and may offer a systemic or curative 

fungicide for brown rot control, used in combination with iprodione and mancozeb. 

Few critical studies have been undertaken in Australia to evaluate new fungicide products 

available for use on almonds overseas. Evaluation of new fungicides for use on almonds needs to 

be carried out in Australia as many of the fungicides presently used on almonds are considered 

‘old’ products. Mancozeb and chlorothalonil only have protective activity and must be routinely 

applied i.e. every 10–14 days to control diseases. Some of these older fungicides could be subject 

to review and possible deregistration thus limiting the number of products available for use on 

almonds. In addition, the development of dicarboximide-resistant isolates of Monilinia spp. in 

stone fruit (Elmer and Gaunt 1994; TaeHeon et al. 2001) provides an impetus to evaluate 

alternative fungicides for the control of brown rot in almonds. The strobilurin and DMI 

fungicides offer new modes of action with systemic and post-infection activity. These fungicides 

could be used to develop more flexible and cost-effective strategies for disease control in 

almonds. The following study evaluates a range of new fungicides for the control of rust, brown 

rot, shot hole and scab in Australian almonds. 
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5.3 Materials and methods 

Three trials were undertaken on two commercial almond properties during 2007 and 2008. Trial 

1 was established in July 2007 to compare the efficacy of six fungicides applied between 

flowering and petal fall for the control of brown rot, rust and shot hole at the rates shown in 

Table 1. This trial was conducted on a property in the Willunga district 46 km south of Adelaide 

in South Australia where almonds had been grown for over 50 years. The trial site was located 

within a small block of the cultivar ‘Parkinson’s Peculiar’ due to its known susceptibility to 

brown rot and shot hole. In April 2007, symptoms of shot hole and rust were evident on the 

retained leaves from the previous season and M. laxa had previously been isolated from almond 

nuts. 

Trial 2 was established in July 2007 to compare the efficacy of six fungicides between 

flowering and petal fall for the control of brown rot and rust at the rates shown in Table 1. The 

trial was conducted on a property in the Angle Vale district, 38 km north of Adelaide in South 

Australia. The trial site was located within an older i.e. >30 years; block of the cultivar 

‘Johnston’s Prolific’. This property had a recent history of severe brown rot infection, with a 

complete failure to control the disease during the 2006–07 season. Ten branches with flowers 

showing brown rot blossom blight were collected and incubated in humid chambers to confirm 

M. laxa infections. 

Trial 3 was situated on the same property as trial 2, but was located in cultivar 

‘Chellaston’. This trial compared the efficacy of six fungicides applied between July 2007 and 

December 2007 on rust and shot hole at the rates shown in Table 1. At this site high levels of 

scab (C. carpophilum) developed, which provided an opportunity to obtain data on the effect of 

fungicides on the control of this disease. 
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5.3.1 Fungicide application 

Fungicides in all trials were applied at registered rates recommended by the manufacturers or 

according to application rates specified under permits for minor use. Rates of experimental 

fungicides previously untested on almonds in Australia were selected using doses similar to 

those used on almonds and other stone fruit overseas (Holtz and Hoffman 2004, 2005; Holtz and 

Martin-Duvall 2006a; Brannen et al. 2008). 

Applications were made as a dilute spray to the point of runoff using a hand lance fitted 

with a Spraying Systems 1/4 GG 3009 cone jet nozzle (Wheaton, Illinois) and operated at 250 

PSI using a four-stroke petrol pump. Water volumes applied were representative of commercial 

practice and ranged from 1000 L/ha during flowering up to 1500 L/ha for applications made after 

flowering. 

Single tree plots were used with treatments arranged in a randomised complete block 

design with four replicates. Row spacing was 8 m with tree spacing of 6 m. In trials 2 and 3 trees 

were separated by several m which provided a buffer from overspray between adjoining plots. 

Buffers were not possible at trial 1, so the sprays were carefully directed to minimise overspray 

between adjoining trees/plots. 

 

5.3.2 Timing of applications 

In trial 1, fungicide treatments shown in Table 1 were first applied at pink bud (24 July 2007), 

with subsequent applications at full bloom (3 August 2007) and the final application at petal fall 

(17 August 2007). In trial 2, fungicide treatments shown in Table 1 were first applied at pink bud 

(1 August 2007), full bloom (13 August 2007) and petal fall (22 August 2007). Six applications 

were made to trial 3, commencing at full bloom (31 July 2007), then at 2–4-week intervals at 

petal fall (10 August 2007), shuck fall (29 August 2007), early (13 September 2007) and mid (30 

October 2007) fruit-set. The final application was made on 14 December 2007. 
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5.3.3 Rainfall 

Diseases such as brown rot require free moisture to infect flowers (Weaver 1943). All three trials 

received significant rainfall throughout the flowering period with records of around 20 mm at 

Willunga and around 50 mm at Angle Vale. At both sites a further 130 mm of rain was recorded 

over the 6 months following flowering. Spring rainfall is important for the development of shot 

hole, rust and scab, which also require free moisture for optimal spore germination and infection 

of leaves, twigs and fruit (Ogawa and English 1991; Adaskaveg et al. 2008). The timing of 

rainfall was similar at both sites (r = 0.74), with consistent spring and early summer monthly 

rainfall (21–48 mm), followed by drier conditions in January and February 2008. 

 

5.3.4 Disease assessments 

5.3.4.1 Rust 

The incidence and severity of rust was measured in all trials just before harvest by removing 50–

100 leaves per tree. Leaves were randomly sampled from beneath the 20th leaf position on 

shoots in the outer canopy and visually assessed for the leaf area infected with lesions containing 

uredia. In trial 3 an early assessment (using the same methodology) was also made when rust 

symptoms first became apparent on 7 December 2007. 

 

5.3.4.2 Brown rot 

In all trials M. laxa was the only pathogen consistently recovered from blighted flowers. Other 

pathogens of almond flowers such as Botrytis spp. and Colletotrichum spp. were not recovered 

when blighted flowers were incubated in humid chambers. In trial 1, before the first fungicide 

application, 10 fruiting branches per tree (five on either side of each row) were randomly 

selected and tagged with numbered ribbons. The total number of flowers and the number of 

blight-infected flowers were recorded at the commencement of petal fall on 15 August 2007 and 
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at the end of petal fall on 30 August 2007. The values were used to calculate the percent brown 

rot infection by dividing the number of blight-infected flowers by the total number of flowers. 

Trial 2 was assessed on 3 September 2007, after flowering was completed. Brown rot 

incidence per branch and per flower was assessed on 25 flower clusters (terminal flowering 

shoots/branches) selected randomly on either side of each tree. The total number of flowers and 

the number of dead flowers were recorded. These values were used to calculate the percent 

brown rot infection by dividing the total number of flowers by the number of infected flowers. 

The percentage of shoots/branches was also calculated based on presence or absence of disease 

from the 25 samples. 

 

5.3.4.3 Shot hole 

Shot hole incidence and severity was assessed on leaves and fruit in trial 1 and trial 3. Trial 1 

was assessed a week before harvest on 18 February 2008 by randomly selecting 25 fruit per tree 

and visually assessing the percentage incidence and severity (surface area affected) of shot hole 

on each fruit. Fruit infections were confirmed by the presence of gumming on the skin surface, 

which is typical of fruit shot hole lesions. As the level of leaf infection was very low in this trial 

only the fruit data is presented. 

At trial 3, the incidence and severity of shot hole on leaves and fruit were assessed after 

five spray applications on 7 December 2007. This was done by visually rating the severity of 

infection on 100 leaves and fruit selected from the mid section of the outer canopy. 

 

5.3.4.4 Scab 

Fruit scab assessments were undertaken just before harvest on 15 February 2008. Fifty fruit (25 

from each side of the row) were collected from the mid-section of the outer canopy and visually 

assessed for the severity of scab. 
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5.3.5 Data analysis 

All data were analysed in ARM version 8 (Gylling Data Management – www.gdmdata.com) 

using ANOVA. Percent disease data were subjected to Bartlett’s test of equal variance and where 

appropriate was transformed using arcsine square root percentage. Means were compared in 

ARM using Duncan’s new multiple range test. 

 

5.4 Results 

5.4.1 Trial 1 – Willunga 

5.4.1.1 Rust 

Near the end of the season high levels of rust infection had developed on the unsprayed trees, 

with an average of 77.5% of leaves with sporulating lesions. All fungicides significantly reduced 

the incidence and severity of rust (Table 2). The most effective treatments were azoxystrobin, 

pyraclostrobin + metiram, pyraclostrobin + boscalid and captan where the disease incidence was 

reduced to between 6.0 and 18.5%. Propiconazole and boscalid were significantly less effective, 

reducing rust incidence to 38 and 39.5%, respectively. 

 

5.4.1.2 Brown rot 

At the first assessment, 15% of flowers in the unsprayed treatment were infected with brown rot 

(Table 3). All fungicides significantly reduced brown rot infection, with no significant difference 

between fungicides. At the second assessment, the level of brown rot infection had increased 

with 57.7% of flowers infected in the unsprayed treatment. While all fungicides significantly 

reduced the level of flower infection, the most effective were boscalid and azoxystrobin, where 

flower infection was reduced to 11.1 and 14.6%, respectively. While not statistically different to 

boscalid and azoxystrobin, the other fungicide treatments were generally less effective as they 

had numerically more disease and reduced infection levels to 20.1–27.2%. Captan was the least 

http://www.gdmdata.com/
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effective treatment, reducing flower infection by <50% and was significantly less effective than 

boscalid and azoxystrobin. 

 

5.4.1.3 Shot hole 

In the unsprayed trees, 99% of fruit were infected with shot hole at the end of the season (Table 

2). The most effective fungicide was azoxystrobin, which had the lowest incidence (38%) and 

severity (0.5%) of shot hole infection. Other effective fungicides were pyraclostrobin + metiram, 

pyraclostrobin + boscalid and captan, which reduced disease incidence by 38–57% and severity 

to <0.8%. Propiconazole and boscalid were less effective with propiconazole having a similar 

disease incidence (97%) to the unsprayed treatment. Boscalid was intermediate in efficacy 

between propiconazole and azoxystrobin, with an average incidence of 71% and severity of 

1.1%. 

 

5.4.2 Trial 2 – Angle Vale 

5.4.2.1 Rust 

In trial 2, 70% of the leaves in the unsprayed treatment were infected with rust at the end of the 

season. All fungicides significantly reduced the incidence and severity of rust (Table 4), with the 

lowest disease incidence at the high rates of pyraclostrobin + metiram and pyraclostrobin + 

boscalid with 2 and 5%, respectively. Propiconazole was the least effective treatment with 

around 20% of the leaves infected with rust. 

 

5.4.2.2 Brown rot 

In trial 2, the incidence of brown rot was very high with 80% of flowers infected on the untreated 

trees (Table 5). All fungicides significantly reduced the number of flower infections, with no 

significant difference between fungicides. There were significant differences between fungicides 
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for the incidence of flower clusters infected, with propiconazole, boscalid at 50 g active 

ingredient /100 L and the high rate of pyraclostrobin + metiram the only fungicides to 

significantly reduce brown rot infection.   

 

5.4.3 Trial 3 – Angle Vale 

5.4.3.1 Rust 

Rust infections on the unsprayed trees progressed from 41.8% incidence and 0.8% severity in 

early December 2007 to 96.5% incidence and 17.9% severity by February 2008 (Table 6). All 

fungicides significantly reduced rust infection at both assessments. At the first assessment the 

most effective treatments were pyraclostrobin + metiram at the high rate and both rates of 

pyraclostrobin + boscalid, with no disease found on all three treatments. Boscalid alone was 

significantly less effective than pyraclostrobin + boscalid, pyraclostrobin + metiram, 

chlorothalonil and propiconazole. 

Under heavy infection pressure at the second assessment, the most effective treatments 

were pyraclostrobin + metiram and pyraclostrobin + boscalid at the high rates and chlorothalonil, 

which all had less than 10% incidence and less than 0.2% severity. The least effective treatments 

were boscalid, captan and propiconazole, which all had over 25% incidence. 

 

5.4.3.2 Shot hole 

In the untreated trees shot hole infection developed on 87% of fruit and 57% of the leaves (Table 

7). On fruit, all fungicides significantly reduced the level of disease, but there was no significant 

difference between fungicides. 

On leaves, all fungicides significantly reduced leaf shot hole, with captan and the high 

rates of pyraclostrobin + boscalid, pyraclostrobin + metiram and boscalid the most effective 
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treatments. The least effective treatments were the low rate of boscalid and propiconazole, with 

~26% disease incidence. 

 

5.4.3.3 Scab 

A high level of fruit scab infection developed in the untreated trees, with 69.5% of the fruit 

infected with 7.5% severity (Table 8). All fungicides significantly reduced scab, with no 

significant difference between fungicides for disease incidence or severity.  

 

5.5 Discussion 

The results show that several new fungicide products warrant further evaluation and possible 

registration for use in almonds in Australia. Azoxystrobin, pyraclostrobin + metiram and 

pyraclostrobin + boscalid all demonstrated good control of the four diseases of almonds that are 

common in Australia. The high level of rust control provided by pyraclostrobin + metiram, 

azoxystrobin and pyraclostrobin + boscalid suggests that the strobilurin component of these 

products has strong activity on T. discolor. Our results support the finding by Soto-Estrada et al. 

(2003), who showed that azoxystrobin provides a high level of control of rust in stone fruit. 

Based on work by Kable et al. (1991), there was sufficient rainfall during the period from 

the end of flowering until harvest to initiate rust infections. In our trials, fungicide applications 

during flowering were generally sufficient to reduce rust infections until harvest (~6 months). 

This suggests several possible scenarios, including: (i) direct control of inoculum on 

overwintering sites i.e. retained leaves/nuts, shoots etc.; and/or (ii) a significant control of 

infections occurring in late winter/early spring reducing inoculum levels; and/or (iii) residual 

activity of the fungicides to suppress subsequent spring and early summer infections. 

If the strobilurin fungicides have these attributes their use on almonds has the potential 

for improving rust control over the current fungicides registered for use. The high incidence of 
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rust in trees treated with propiconazole in one of these trials suggests that infection periods may 

have occurred after the sprays applied during flowering. Kable et al. (1987a) demonstrated that 

propiconazole applied up to 7 days after infection completely inhibited rust development but was 

ineffective on rust when applied preventatively (Kable et al. 1987b). Our findings support the 

studies of Kable et al. (1987a, 1987b) showing that propiconazole is useful as a curative product 

for rust control, but has relatively poor protective activity with limited residual/forward 

protection. 

In these trials brown rot was the most difficult disease to control. However, fungicides 

demonstrating moderate to good efficacy on brown rot included pyraclostrobin + metiram, 

azoxystrobin, and boscalid. The efficacy of propiconazole in controlling brown rot was 

inconsistent between sites, which may be due to factors such as timing of application in relation 

to the time of infection and differences in sensitivity of M. laxa strains. 

Timing may be as critical as product selection for control of brown rot. When the first 

application was made at Angle Vale, the stage of flowering varied between trees by up to 10 

days. As a result, the initial spray was intended for the pink bud stage, but the variation in 

flowering between trees at the first timing varied from pink bud to trees approaching 50% bloom. 

The timing of the first spray at Angle Vale was a compromise between delaying application until 

all trees had commenced flowering, but early enough that the most advanced trees did not flower 

too extensively before the first fungicide application. 

The variability in flowering at Angle Vale could have contributed to reduced fungicide 

efficacy, as some flowers were effectively unsprayed and susceptible to brown rot until they 

were fully open. Under these circumstances, a curative fungicide could provide greater activity 

on early infections. The efficacy of propiconazole in this trial suggests that products with strong 

post-infection activity were required. Fungicides such as boscalid, pyraclostrobin + metiram, 

pyraclostrobin + boscalid with limited post-infection activity or captan would not be as effective 
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in this situation. If these products were applied to a more uniform site at an optimal timing they 

may provide a comparable or greater efficacy on brown rot as propiconazole. 

There were differences in the level of brown rot infection observed between cultivars. At 

Angle Vale, there was a very heavy infection of brown rot on ‘Johnston’s Prolific’ and it was 

difficult to find viable flowers and fruit on the unsprayed trees. However, on adjacent rows 

containing ‘Non Pareil’ there were very low levels of infection. ‘Non Pareil’ commenced 

flowering at least 4 weeks after ‘Johnston’s Prolific’ and ‘Chellaston’ had finished flowering. 

‘Chellaston’, which was located in a separate block, had very low levels of brown rot on 

unsprayed trees despite flowering in the same window as ‘Johnston’s Prolific’. Cultivar type may 

be a very significant factor in determining the susceptibility to brown rot (Teviotdale et al. 

2002). Resistance or tolerance may be expressed both in terms of escaping infection periods 

through the timing of flowering (wetter conditions generally prevail in July than in September) 

as well as any potential genetic resistance to the pathogen. These trials demonstrated that on 

susceptible cultivars control of brown rot with effective fungicides would be very important to 

maintain yield potential (Teviotdale et al. 2002). On less susceptible or late flowering cultivars, 

there would be less pressure on fungicides to protect the yield potential; therefore, less 

efficacious products may be adequate. 

Holtz and Martin-Duvall (2006b) found that azoxystrobin and captan were highly 

effective on shot hole, whereas propiconazole was less effective. This corresponds to our 

findings with the most effective shot hole fungicides also including azoxystrobin and captan as 

well as pyraclostrobin + boscalid and pyraclostrobin + metiram. Propiconazole was the least 

effective fungicide, while boscalid at 12.5 g ai/100 L was less effective on leaf infections. 

Scab was controlled by all of the fungicides evaluated and there was limited difference in 

the efficacy of the various fungicides and formulations. 
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Captan was effective on rust, brown rot, shot hole and scab confirming other work 

showing that it is a useful fungicides for use in almonds (Teviotdale et al. 1989). In our trials its 

effect on rust was unexpected as it is regarded as ineffective on rust in California (Adaskaveg et 

al. 2008). 

Chlorothalonil was highly effective on rust and moderately effective on shot hole and 

scab. While no data was generated for chlorothalonil on brown rot in this study, it is registered 

for brown rot in stone fruit in Australia. In California, chlorothalonil is known to be effective on 

M. laxa in almonds. However, chlorothalonil has demonstrated less efficacy on M. laxa than 

azoxystrobin, propiconazole and pyraclostrobin + boscalid and similar efficacy to captan (Holtz 

and Hoffman 2004; Holtz and Martin-Duvall 2006a). 

Boscalid was particularly effective on brown rot when applied at 50 g ai/100 L. However, 

boscalid did not provide equivalent efficacy on rust and shot hole at all three sites when 

compared with azoxystrobin, pyraclostrobin + metiram and pyraclostrobin + boscalid. If it were 

applied as a co-formulation with pyraclostrobin, i.e. Pristine; there is a potential to control the 

entire range of major diseases of almond. However, the rate of pyraclostrobin + boscalid required 

to control brown rot would need to be further refined as higher rates of boscalid may be required 

to achieve satisfactory control. 

The co-formulation of pyraclostrobin + metiram provided excellent general disease 

control, particularly when applied at the higher rate (Aero at 400 g/100 L). The benefits of 

combining a single-site strobilurin (pyraclostrobin) and a multi-site protectant (metiram) are the 

potential to improve efficacy and disease spectrum while reducing the risk of resistance. Control 

of disease over the two rates (Aero at 100 and 400 g/100 L) evaluated in these trials indicates 

that there is further opportunity to refine and optimise application rates according to the disease 

spectrum for different growing environments, i.e. Sunraysia cf. Adelaide. 
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Future trial work should focus on evaluation of new products to improve both brown rot 

and general disease control in almonds. Rates and timings could be refined in future trials to 

optimise the use of the new fungicides × disease type. Given that several of the new fungicides 

are single-site products, i.e. boscalid, azoxystrobin, pyraclostrobin; and that resistance to these 

fungicides has been reported overseas, further trials should also consider use patterns for these 

fungicides that involve alternating with different mode-of-action groups and minimising the 

number of applications per season. 
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Table 1. Fungicides and rates applied at three trial sites in almonds located at Willunga and Angle Vale in South Australia during 2007. 

 

Treatment Active ingredient 

Rate g or mL/100 L Treatment number 

Product 
Active 

ingredient 

Trial 1 – Willunga 

(cv. ‘Parkinson’s 

Peculiar’) 

Trial 2 – Angle Vale 

(cv. ‘Johnstone’s 

Prolific’) 

Trial 3 – Angle Vale 

(cv. ‘Chellaston’) 

Untreated – – – 1 1 1 

Unite 720 Chlorothalonil
A
 160 115.2 – – 2 

Throttle Propiconazole 250 g/L
B,C

 50 12.5 2 2 3 

Amistar 250SC Azoxystrobin 250 g/L
A
 110 27.5 3 – – 

Filan Boscalid 500 g/kg 25 12.5 – 3 4 

Filan Boscalid 500 g/kg 100 50 4 4 5 

Aero Metiram 550 g/kg  

Pyraclostrobin 50 g/kg 
100 55 5 – 5 6 

Aero Metiram 550 g/kg 

Pyraclostrobin 50 g/kg 
400 

220  

20 
5 6 7 

Pristine Boscalid 25 2 g/kg 

Pyraclostrobin 128 g/kg 
40 

10.08 

 5.12 
6 7 8 

Pristine Boscalid 252 g/kg 

Pyraclostrobin 128 g/kg 
80 

20.16  

10.24 
7 8 9 

Captan 900WG Captan 900 g/kg
B
 180 162 8 9 10 

A 
Currently registered for use on almond. 

B 
Currently used under permit in almonds for anthracnose. 

C 
Currently used under permit in almonds for brown rot.
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Table 2. The effect of the application of a range of fungicide products on the incidence and 

severity of rust (Tranzschelia discolor) and shot hole (Wilsonomyces carpophilum) 

on fruit and leaves of almond cv. ‘Parkinson’s Peculiar’ before harvest at Willunga, 

South Australia – trial 1, 18 February 2008 

Trt 

No. 

Treatment
C 

Rate 

/100 L 

Rust
A,B

 Shot hole
A,B 

% incidence % severity % incidence % severity 

1 Untreated – 77.5 a 5.2 a 99.0 a 7.9 a 

2 Throttle 50 mL 38.0 b 1.0 b 97.0 a 2.6 b 

3 Amistar 250SC 110 mL 6.0 c 0.01 c 38.0 c 0.5 d 

4 Filan 100 g 39.5 b 0.9 bc 71.0 b 1.1 c 

5 Aero 400 g 16.0 c 0.2 bc 52.0 bc 0.4 cd 

6 Pristine 40 g 12.5 c 0.2 bc 59.0 bc 0.8 cd 

7 Pristine 80 g 13.0 c 0.1 bc 46.0 bc 0.4 cd 

8 Captan 900WG 180 g 18.5 c 0.3 bc 57.0 bc 0.5 cd 

Treatment prob. (F) 0.0001 0.0001 0.0001 0.0001 

A 
Means followed by the same letter do not significantly differ (P = 0.05, Duncan’s new multiple 

range test). 

B 
To stabilise variance, percentage data were transformed before analysis using arcsine square 

root percent. Untransformed means presented. 

C 
Fungicide spray application dates were – 24 July 2007, 3 August 2007 and 17 August 2007. 
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Table 3. The effect of the application of a range of fungicide products applied over flowering 

on the incidence of brown rot (Monilinia laxa) blossom blight of almond cv. 

‘Parkinson’s Peculiar’ at Willunga, South Australia – trial 1 

Trt 

No. 

Treatment
B
 Rate/100 L 

Number of 

flowers 

% flower infection
A 

15/8/07 30/8/07 

1 Untreated – 284 14.7 a 57.7 a 

2 Throttle 50 mL 252 5.4 b 26.7 bc 

3 Amistar 250SC 110 mL 231 4.6 b 14.6 c 

4 Filan 100 g 287 1.9 b 11.1 c 

5 Aero 400 g 254 4.4 b 20.1 bc 

6 Pristine 40 g 241 4.4 b 27.2 bc 

7 Pristine 80 g 283 4.2 b 21.7 bc 

8 Captan 900WG 180 g 245 6.8 b 37.6 b 

Treatment prob. (F) 0.09 0.03 0.002 

A 
Means followed by the same letter do not significantly differ (P = 0.05, Duncan’s new multiple 

range test). 

B 
Fungicide spray application dates were – 24 July 2007, 3 August 2007 and 17 August 2007. 
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Table 4. The effect of the application of a range of fungicide products on the incidence and 

severity of rust (Tranzschelia discolor) on almond cv. ‘Johnston’s Prolific’ at Angle 

Vale, South Australia – trial 2, 3 March 2008 

Trt No. Treatment
C
 Rate/100 L % incidence

A,B 
% severity

A,B
 

1 Untreated – 70.0 a 3.1 a 

2 Throttle 50 mL 20.5 b 0.5 b 

3 Filan 25 g 16.3 bc 0.5 b 

4 Filan 100 g 10.5 bc 0.5 b 

5 Aero 100 g 11.3 bc 0.6 b 

6 Aero 400 g 2.0 c 0.1 b 

7 Pristine 40 g 10.3 bc 0.5 b 

8 Pristine 80 g 5.0 bc 0.1 b 

9 Captan 900WG 180 g 7.5 bc 0.1 b 

Treatment prob. (F) 0.0001 0.0001 

A 
Means followed by the same letter do not significantly differ (P = 0.05, Duncan’s new multiple 

range test). 

B 
To stabilise variance, percentage data were transformed before analysis using arcsine square 

root percent. Untransformed means presented. 

C 
Fungicide spray application dates were – 1 August 2007, 13 August 2007 and 22 August 2007. 
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Table 5. The effect of the application of a range of fungicide products applied during 

flowering on the incidence of brown rot (Monilinia laxa) blossom blight on almond 

cv. ‘Johnston’s Prolific’ at Angle Vale, South Australia – trial 2, 2007 

Trt 

No. 

Treatment
B
 Rate/100 L 

Flowers 

sampled 

% brown rot incidence
 

Per flower
A 

Per branch
A 

1 Untreated – 484 80 a 100 a 

2 Throttle 50 mL 468 24 b 52 c 

3 Filan 25 g 444 40 b 75 abc 

4 Filan 100 g 494 29 b 57 bc 

5 Aero 100 g 504 32 b 80 abc 

6 Aero 400 g 469 27 b 60 bc 

7 Pristine 40 g 442 50 b 80 abc 

8 Pristine 80 g 535 44 b 77 abc 

9 Captan 900WG 180 g 433 52 b 82 ab 

Treatment prob. (F) 0.5307 0.0061 0.017 

A
 Means followed by the same letter do not significantly differ (P = 0.05, Duncan’s new multiple 

range test). 

B 
Fungicide spray application dates were – 1 August 2007, 13 August 2007 and 22 August 2007. 
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Table 6. The effect of the application of a range of fungicide products on the incidence and 

severity of rust (Tranzschelia discolor) on almond cv. ‘Chellaston’ at Angle Vale, 

South Australia – trial 3 

Trt 

No. 

Treatment
C
 

Rate 

/100 L 

7 December 2007
A
 8 February 2008

A
 

Incidence
B 

Severity
B
 Incidence Severity

B
 

1 Untreated – 41.8 a 0.8 a 96.5 a 17.9 a 

2 Unite 720 160 mL 0.8 d 0.01 b 9.0 f 0.2 c 

3 Throttle 50 mL 0.5 d 0.0 b 31.5 cd 0.5 bc 

4 Filan 25 g 8.5 b 0.05 b 50.8 b 2.0 b 

5 Filan 100 g 5.8 bc 0.04 b 25.5 cde 0.3 bc 

6 Aero 100 g 0.5 d 0.0 b 17.8 def 0.2 bc 

7 Aero 400 g 0.0 d 0.0 b 5.5 f 0.03 c 

8 Pristine 40 g 0.0 d 0.0 b 14.8 ef 0.2 bc 

9 Pristine 80 g 0.0 d 0.0 b 8.5 f 0.1 c 

10 Captan 900WG 180 g 2.0 cd 0.01 b 34.3 c 0.5 bc 

Treatment prob. (F) 0.0001 0.0001 0.0001 0.0001 

A 
Means followed by the same letter do not significantly differ (P = 0.05, Duncan’s new multiple 

range test). 

B 
To stabilise variance, percentage data were transformed before analysis using arcsine square 

root percent. Untransformed means presented. 

C 
Fungicide spray application dates were – 31 July 2007, 10 August 2007, 29 August 2007, 13 

September 2007, 30 October 2007 and 14 December 2007. 
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Table 7. The effect of the application of a range of fungicide products on the incidence and 

severity of shot hole (Wilsonomyces carpophilum) on almond cv. ‘Chellaston’ at 

Angle Vale, South Australia – trial 3, 7 December 2007 

Trt 

No. 

Treatment
C
 

Rate 

/100 L 

Fruit
A 

Leaves
A 

Incidence
B 

Severity
B
 Incidence Severity

B
 

1 Untreated – 87.0 a 2.5 a 57.0 a 0.5 a 

2 Unite 720 160 mL 24.5 b 0.3 b 23.3 bc 0.2 bc 

3 Throttle 50 mL 30.5 b 0.2 b 26.5 b 0.2 b 

4 Filan 25 g 22.8 b 0.2 b 26.8 b 0.2 bc 

5 Filan 100 g 22.8 b 0.2 b 14.5 c 0.1 bc 

6 Aero 100 g 25.0 b 0.3 b 15.5 bc 0.1 bc 

7 Aero 400 g 27.8 b 0.3 b 12.8 c 0.1 bc 

8 Pristine 40 g 21.5 b 0.2 b 16.5 bc 0.1 bc 

9 Pristine 80 g 30.3 b 0.3 b 11.8 c 0.1 c 

10 Captan 900WG 180 g 23.3 b 0.3 b 14.5 c 0.1 bc 

Treatment prob. (F) 0.0001 0.0001 0.0001 0.0001 

A 
Means followed by the same letter do not significantly differ (P = 0.05, Duncan’s new multiple 

range test). 

B 
To stabilise variance, percentage data were transformed before analysis using arcsine square 

root percent. Untransformed means presented. 

C 
Fungicide spray application dates were – 31 July 2007, 10 August 2007, 29 August 2007, 13 

September 2007 and 30 October 2007. 
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Table 8. The effect of the application of a range of fungicide products on the incidence and 

severity of scab (Cladosporium carpophilum) on the husks of almond cv. 

‘Chellaston’ at Angle Vale, South Australia, 15 February 2008 

Trt No. Treatment
C
 Rate/100 L % incidence

A,B 
% severity

A,B
 

1 Untreated – 69.5 a 7.6 a 

2 Unite 720 160 mL 12.0 b 0.1 b 

3 Throttle 50 mL 28.0 b 0.4 b 

4 Filan 25 g 26.5 b 0.5 b 

5 Filan 100 g 16.0 b 0.2 b 

6 Aero 100 g 23.0 b 0.2 b 

7 Aero 400 g 24.5 b 0.2 b 

8 Pristine 40 g 16.5 b 0.1 b 

9 Pristine 80 g 5.0 b 0.03 b 

10 Captan 900WG 180 g 10.0 b 0.1 b 

Treatment prob. (F) 0.0011 0.0046 

A 
Means followed by the same letter do not significantly differ (P = 0.05, Duncan’s new multiple 

range test). 

B 
To stabilise variance, percentage data were transformed before analysis using arcsine square 

root percent. Untransformed means presented. 

C 
Fungicide spray application dates were – 31 July 2007, 10 August 2007, 29 August 2007, 13 

September 2007, 30 October 2007 and 14 December 2007. 
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6.0 Post-infection activity of fungicides on Tranzschelia discolor in almonds 

 

6.1 Summary 

Post-infection activity of eight de-methylation inhibitors (DMI’s), three strobilurins, a 

carboximide and a benzimidazole fungicide were evaluated on almond rust (Tranzschelia 

discolor) in four different experiments.  Fungicides were applied to almond leaves at intervals 

varying from 1-7 days after inoculation with urediospores of T. discolor.  Propiconazole, 

myclobutanil and tebuconazole applied five days after infection were most effective, providing 

complete control in some experiments.  Products exhibiting moderate post-infection activity i.e. 

>50% control up to five days after inoculation; included azoxystrobin, pyraclostrobin, 

trifloxystrobin, difenoconazole, tetraconazole and fenbuconazole.  Trifloxystrobin and 

azoxystrobin also reduced urediospore production and/or viability.  Leaves treated with 

trifloxystrobin resulted in 83% fewer urediospores per uredia, while azoxystrobin reduced the 

viability of urediospores by 30%.  Iprodione, carbendazim and fenarimol were not effective 

when applied after infection.   

 

6.2  Introduction 

Rust (Tranzschelia discolor) is a common foliar disease of almonds and stone fruit in Australia.  

In the major almond production region, the Riverland/Sunraysia, the growing conditions are 

ideal for almond production with mild wet winters and warm dry summers (Department of 

Primary Industries Victoria 2012).  Almonds grown in the Riverland/Sunraysia region can 

encounter severe rust epidemics following rainfall events during spring and summer that often 

cause significant defoliation late in the season. 

In Australia, mancozeb, chlorothalonil and pyraclostrobin are the only registered 

fungicides for control of almond rust.  These fungicides are applied on a protective schedule and 
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are most effective when applied before infection.  Preventative fungicides can be less effective 

during periods of wet weather when conditions are ideal for T. discolor epidemics.  During a 

period of heavy rainfall, growers are often unable to spray an orchard and T. discolor infection 

may have occurred before fungicides are applied.  Application of protective fungicides after 

heavy rainfall may not be sufficient to prevent urediospore production and secondary cycles of 

infection.  This was demonstrated by Soto-Estrada et al. (2003), who found that application of 

protective fungicides after rainfall for control of T. discolor in peaches was less effective than 

applications of protective fungicides before a rain event followed by applications of post-

infection after a rain event. 

Recent evaluation of new fungicides by Horsfield et al. (2010) identified a range of 

products that provide good control of T. discolor when applied in a protective spray program. 

However, preventative spray programs generally require routine application during the season 

rather than timings based on weather events.  Improvements in product selection and disease 

forecasting in peaches in California enabled a reduction in the total number of fungicide 

applications from up to four sprays to one spray in a dry year and two sprays in high rainfall year 

(Soto-Estrada et al. 2003).  One of the more effective fungicides evaluated in the study, 

azoxystrobin, is used in almonds in Australia under permit for anthracnose.  Azoxystrobin may 

have potential to control T. discolor in Australian almond production, particularly if applied at 

key timings in relation to rust infection periods.   

In recent years attempts have been made to develop a forecasting system for T. discolor 

outbreaks in almonds in the Riverland region and help growers optimise the timing of their 

fungicide applications (Magarey et al. 2009).  The work evaluated the prune rust model created 

by Kable et al. (1991) to determine its suitability for almonds.  While some progress has been 

made in adapting the model, there is also a need to apply suitable fungicides that can be used in 

conjunction with disease forecasts.  Kable et al. (1987b) showed that propiconazole and 



 105 

myclobutanil effectively controlled rust when applied up to four days after inoculation.  

Propiconazole is used in almonds in Australia under permit for control of anthracnose and brown 

rot.  If applied at the correct timing, propiconazole and other DMI’s may have potential for 

strategic use for controlling rust infections in almonds.   

This paper reports on further evaluation of DMI’s and other fungicides for potential use 

as curative fungicides for the control of almond rust.  Fungicides with post-infection activity may 

provide an important option to optimise fungicidal control of T. discolor when used in 

conjunction with weather events.    

 

6.3 Materials and Methods 

Four experiments were undertaken in the shade house and the field at the University of Adelaide 

Waite Campus in South Australia between 2008 and 2012.  Fungicides were evaluated using a 

method adapted from Kable et al. (1987b), where shoots were inoculated with urediospores of T. 

discolor then treated with fungicides 1-7 days later to determine post-infection (curative) 

activity. 

 

6.3.1 General procedures 

6.3.1.1 Leaf inoculation 

Leaves were inoculated using a similar method described by Horsfield and Wicks 2010.  A 

suspension of urediospores was obtained by placing heavily infected almond leaves into a clear 

plastic bag containing 0.5-1.0L of reverse osmosis water (ROW) and then shaking vigorously for 

30 s.  The inoculum concentration for each experiment was adjusted to ensure that the spore 

suspension contained a minimum of 10
5
 urediospores per mL.  The inoculum viability was 

checked by germinating the urediospores on tap water agar (TWA) using methods described in 

the following section. 
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The urediospore suspension was applied to leaves on 20-30 terminal shoots on almond 

trees or potted plants.  Each potted almond plant was grown in a 10L pot containing a 9 to 1 

mixture of coco peat and sand.  The plants were grown in a glasshouse at the University of 

Adelaide Waite Campus at Urrbrae, South Australia.  The temperature in the glasshouse during 

the experimental period was about 22°C and the humidity ranged between 40 and 70%. 

 Upper and lower leaf surfaces were sprayed with spore suspension and immediately 

enclosed in a clear plastic bag moistened with ROW and held in place using a clothes peg.  To 

maximum infection, the bags were left on the shoots overnight for 12 hours and removed the 

following morning (Kable et al. 1986). 

  

6.3.1.2 Urediospore viability 

The viability of urediospores used for each experiment was assessed by transferring the spore 

suspension onto TWA plates using a 1 mL disposable pipette at 3-5 marked points per plate.  The 

plates were placed into plastic trays, enclosed within a plastic bag and incubated for 20 hours at 

18°C.  Each plate was treated with formalin acetic acid (FAA) at each marked point to stop 

further germination and germ tube growth (Horsfield and Wicks 2010). 

 Assessments of spore germination were undertaken using a microscope at 20× 

magnification.  The urediospores were classified as germinated when a germ tube had grown as 

long / or longer than the width of the germ tube (Manners 1966).  A minimum of 100 

urediospores were assessed per plate in increments of 50 per marked point (Horsfield and Wicks 

2010).  Inoculum used in all four experiments had an average germination of >90%. 

 

6.3.1.3 Fungicide application 

Fungicides were applied to both leaf surfaces using a handheld atomiser to thoroughly wet the 

leaves to just prior to runoff.  Where different fungicides were applied to adjacent shoots a 
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cardboard or plastic barrier was placed between shoots to eliminate or substantially reduce spray 

drift between treated or untreated shoots.   

Fungicides were applied at rates recommended by the manufacturers, equivalent doses to 

fungicides from the same mode of action group or according to application rates specified under 

minor use permits (Table 1).  Rates of experimental fungicides previously untested on almonds 

in Australia were selected using doses similar to those used on almonds and other stone fruit 

overseas (Kable et al. 1987b; Brannen and McNeil 2008a; Brannen and McNeil 2008b; Brannen 

et al. 2008). 

 

6.3.1.4 Assessments 

Depending on the experiment, all inoculated shoots were inspected for the presence of rust 

pustules between 13-23 days after inoculation.  Phytotoxicity such as oilspots, chlorosis, necrosis 

or leaf-drop; was also recorded.  Disease assessments were conducted on five leaves on each 

inoculated shoot from leaf position 10-20 from the growing point.  In experiments 2-4 all leaves 

were visually assessed for the leaf area infected using a similar method to Horsfield et al. 2010.  

In experiments 1-3, five leaves from each inoculated branch were removed for final assessment 

of uredia numbers and urediospore production.  An 8mm diameter cork-borer was used to 

remove four leaf discs per leaf and the number of uredia per disc and sporulating uredia was 

recorded.  For each treatment a random sample of 20 discs placed into a McCartney bottle with 

5mL of reverse osmosis water and shaken vigorously for 30 seconds (Horsfield and Wicks 

2010).  The urediospore number per mL was measured using a haemocytometer used to calculate 

total urediospores per cm
2
 and urediospores per uredia. 
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6.3.1.5 Data analysis 

All data was analysed in Statistix for Windows Version 9.  Percent disease data were subjected 

to Levene’s Test and where appropriate was transformed using arcsine square root percentage to 

stabilise variance.  Means comparisons were conducted using Tukey’s HSD.  Spearman Rank 

Correlations were also used to compare cultivar leaf area infection between cultivars and 

fungicide treatments in experiment 4.    

 

6.3.2.1 Experiment 1 - Post-infection activity of Amistar 500 WG (azoxystrobin) and 

Soprano 125 SC (epoxiconazole) on T. discolor 

The first experiment utilised seven potted plants of the almond variety ‘Non-pareil’ as replicates 

with five branches per plant tagged and inoculated.  The inoculated shoots were treated at three 

or seven days after inoculation with either Amistar at 25g ai/100L or Soprano at 12.5g ai/100L.  

Each treatment was applied to one shoot per plant and the remaining inoculated shoot was used 

as the untreated control. 

 

6.3.2.2 Experiment 2 - Post-infection activity of Amistar 500 WG (azoxystrobin), Flint 500 

WG (trifloxystrobin), Rovral Aquaflow (iprodione) and Spin Flo (carbendazim) on 

T. discolor 

This experiment evaluated the post-infection activity of Amistar 500 WG, Flint WDG, Rovral 

Aquaflow and Spin Flo on T. discolor.  Four potted plants of cultivar ‘Non-pareil’ were used 

with nine branches per plant tagged and inoculated.  After the inoculation, each of the four 

fungicides was applied at 25g ai/100L to the inoculated shoots one or three days after 

inoculation.  Each treatment was applied once to a shoot on each of the four plants.  Leaves were 

assessed for leaf area infection, uredia density and urediospore production 21 days after 

inoculation.  
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 In addition the viability of urediospores produced on leaves sprayed with either Amistar 

or Flint was evaluated.  Two methods were employed: 1) Urediospores collected by tapping 

treated leaves above TWA plates (dry removal); and 2) Leaves placed into plastic bags contain 

5-10mL of ROW and shaking vigorously for 30 s, then collecting a sample of the suspension 

using a 1mL pipette and transferring it onto TWA plates (wet removal).  TWA plates were then 

incubated together and assessed for germination. 

 

6.3.2.3 Experiment 3 - Efficacy of Amistar 500 WG (azoxystrobin) and Tilt 250 EC 

(propiconazole) applied singly or as a mixture on T. discolor 

Four potted plants of cultivar ‘Price’ were used for the inoculation and fungicide application.  

The trial design was a randomised complete block treatment with four replicate shoots per 

treatment.  Five branches per plant were tagged and inoculated using the same procedure 

employed in previous experiments.  Three days after inoculation, Amistar, Tilt or Amistar + Tilt 

mixture (at 250ppm singly or 250ppm + 250ppm) were applied to the inoculated branches.   

  

6.3.2.4 Experiment 4 - Comparison of post-infection activity on T. discolor of DMI and 

strobilurin fungicides applied to three almond cultivars 

This experiment was carried out on shoots of mature trees grown in an experimental orchard at 

the University of Adelaide Waite Campus at Urrbrae, South Australia.  Seven DMI’s and two 

strobilurins shown in Table 6 were evaluated.  All fungicides were applied five days after 

inoculation to single shoots on two replicate trees of Padre, Monterey and Wood Colony. 
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6.4 Results 

6.4.1 Experiment 1 - Post-infection activity of Amistar 500 WG (azoxystrobin) and 

Soprano 125 SC (epoxiconazole) on T. discolor 

Epoxiconazole controlled T. discolor almost completely when applied up to seven days after 

inoculation.  No uredia were produced on leaves sprayed with epoxiconazole three days after 

inoculation and at seven days after inoculation uredia numbers were reduced by 99% (Table 2).  

However, epoxiconazole induced significant phytotoxicity symptoms on leaves including 

cupping, oily lesions (not associated with uredia development) and early leaf drop. 

 Azoxystrobin was significantly less effective at controlling T. discolor when applied 

either three or seven days after inoculation.  The reduction in uredia density was 60% and 49% 

for the three day and seven day post-inoculation timings, respectively.  Both the three and seven 

day timings of azoxystrobin application significantly reduced urediospore production compared 

to the control (Table 2).     

 

6.4.2 Experiment 2 - Post-infection activity of Amistar 500 WG (azoxystrobin), Flint 500 

WG (trifloxystrobin), Rovral Aquaflow (iprodione) and Spin Flo (carbendazim) on 

T. discolor 

At both one and three days after infection azoxystrobin and trifloxystrobin reduced leaf area 

infection (LAI) from 22.5% in the untreated to 3.9% or less (Table 3), whereas neither iprodione 

nor carbendazim controlled the disease.  Trifloxystrobin inhibited urediospore production by 

83% at both the one and three day application timings (Table 3).  Microscopic examination of 

leaves treated with trifloxystrobin showed that many uredia were not properly formed and were 

pale in colour compared to normal urediospores produced on unsprayed leaves. 

The viability of urediospores from untreated leaves was greater than 91%, whereas those 

from azoxystrobin and trifloxystrobin leaves were significantly reduced (Table 4).  Azoxystrobin 
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reduced germination to 12% and 18% for leaves treated one and three days after inoculation, 

respectively.  Flint applied one day after inoculation was the most effective at reducing 

germination, with only 1% of urediospores successfully germinating.  There was no significant 

fungicide effect on urediospore germination using the dry removal process (P = 0.15), although 

the results correlated generally with wet removal germination (Table 4).    

 

6.4.3 Experiment 3 – Curative activity of Amistar 500 WG (azoxystrobin) and Tilt 250 

EC (propiconazole) applied singly or as a mixture for control of T. discolor 

Both fungicides controlled rust when applied three days after inoculation, but propiconazole was 

more effective than azoxystrobin in reducing the leaf area affected and the production of uredia.  

The tank mix of azoxystrobin + propiconazole was more effective than propiconazole alone 

(Table 5).  

    

6.4.4 Experiment 4 - Comparison of post-infection activity on T. discolor of DMI and 

strobilurin fungicides applied to three almond cultivars  

Disease development in the unsprayed shoots indicated that of the three inoculated cultivars, 

Wood Colony had the highest leaf area infection (LAI) with 17.5%, while Monterey developed 

only 0.7% LAI (Table 6).  While there were different infection levels established in Monterey 

and the other two cultivars, the results were highly correlated between Monterey and Padre (R = 

0.83; P < 0.0001); and Monterey and Wood Colony (R = 0.88; P < 0.0001).   

The most effective fungicides were tebuconazole, propiconazole and myclobutanil with 

complete or near complete control achieved in all cultivars (Table 6).  Of the other DMI’s, 

difenoconazole, tetraconazole and fenbuconazole provided moderate post-infection activity when 

applied to cultivar Wood Colony.  However, none of these fungicides significantly reduced LAI 
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on Padre.  Fenarimol was the least effective of the DMI fungicides, with no significant reduction 

in rust infection on either Padre or Wood Colony. 

Azoxystrobin and pyraclostrobin reduced the amount of disease but not to the level of the 

most effective DMI’s.  Germination of urediospores produced after post-infection treatment with 

azoxystrobin was reduced by 29%, whereas spore germination from the tetraconazole treatment 

was not significantly different from the control (Table 7). 

  

6.5 Discussion 

These results confirm the curative activity of the DMI’s with many effectively controlling T. 

discolor when applied up to five days after inoculation.  The strobilurins azoxystrobin, 

trifloxystrobin and pyraclostrobin also showed curative activity but were less effective than most 

of the DMI’s. 

Fungicides with other modes of activity including carbendazim, and iprodione showed no 

curative activity on T. discolor, even when applied one day after inoculation.  While the 

benzimidazole fungicides benomyl and thiophanate-methyl have been reported to provide some 

control of T. discolor (Soto-Estrada et al. 2003; Adaskaveg et al. 2012) this study suggests that 

carbendazim would offer limited commercially acceptable control.  In California, iprodione 

applied with summer oil is reported to provide moderate control of T. discolor (Adaskaveg et al. 

2012).  When applied alone, iprodione is listed by Adaskaveg et al. 2012 as ineffective.   

Several DMI fungicides evaluated in this study demonstrated a high level of post-

infection activity on T. discolor, including tebuconazole, propiconazole, myclobutanil and 

epoxiconazole.  However, although epoxiconazole showed activity when applied 7 days after 

inoculation it may have limited potential for further development due to the unacceptable 

phytotoxicity observed in this study.  Whether the other DMI.s tested at the same rates or higher 
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have eradicant activity beyond 7 days needs to be tested as the incubatiom period for T .discolor 

is around 13 days (Horsfield and Wicks 2010).  

Application of tebuconazole, propiconazole and myclobutanil to almonds five days after 

inoculation completely inhibited urediospore production.  These results confirm Kable et al. 

(1987b) work on T. discolor on prune leaves, where urediospore production was completely 

inhibited by DMI fungicides applied up to four days after inoculation.  Other DMI’s evaluated on 

T. discolor in this study including difenoconazole, tetraconazole and fenbuconazole, were less 

effective for post-infection control.   

The effects of strobilurins applied post-infection included reduced uredia density, 

reduced urediospore production and reduced viability of urediospores.  This corresponds with the 

findings of Soto-Estrada et al. (2003), who found that post-inoculation applications of 

azoxystrobin reduced uredia density on peach leaves.  There was evidence of differences in post-

infection activity between the strobilurins.  Trifloxystrobin reduced both uredia density and 

urediospore production.  Azoxystrobin provided a similar reduction in uredia density compared 

to trifloxystrobin, but appeared less effective at inhibiting urediospore production.  Azoxystrobin 

demonstrated additional effects on spore germination of urediospores after application during the 

latent phase of the disease.  Spores washed off the leaves treated with azoxystrobin were also 

less viable and this may have been due to the fungicide washing off into the spore solution 

during germination testing.  In the field this may provide a practical benefit where urediospores 

produced after application of azoxystrobin may still be controlled by the fungicide providing 

residual protective activity. 

The protective activity of azoxystrobin on T. discolor has been demonstrated by 

Horsfield et al. (2010) and Soto-Estrada et al. (2003).  The post-infection activity of the 

strobilurins is an added benefit to the strong protective activity of the strobilurins, although 

curative applications are not generally recommended due to the potential for fungicide 
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resistance.  Additionally, the strobilurins did not provide complete inhibition of urediospore 

production when applied one day after infection.  If the strobilurins were to be applied after an 

infection period, this study found that application of a strobilurin with a DMI i.e. azoxystrobin + 

propiconazole; could provide better control of an existing infection.  

Protective applications of DMI’s that are effective for curative control may not be 

effective on T. discolor when applied as protective treatments (Horsfield et al. 2010; Kable et al. 

1987a).  Under field conditions, curative control of T. discolor using DMI’s may be difficult to 

achieve unless the optimum application timing after an infection event i.e. within five days; is 

observed by growers.  Even when used in conjunction with disease forecasting models i.e. 

Magarey et al. (2009), Kable et al. (1991); there may be extended wet weather preventing 

application during the latent period and uredia may still form on some leaves.  Protective control 

of T. discolor with DMI’s may be inadequate and a combination of DMI + protective fungicide 

may be more effective, as seen in this study with the tank mixture of azoxystrobin + 

propiconazole.  In California, co-formulations of strobilurins + DMI’s are registered for use on 

almonds (Adaskaveg et al. 2012) and similar formulations may benefit Australian almond 

growers.  Alternatively, registration of a DMI in almonds would allow growers to tank mix with 

protective fungicides to achieve similar post-infection + forward protection.  
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Table 1. Products and active ingredients evaluated in post-infection experiments on 

Tranzschelia discolor in the glasshouse and field between 2008 and 2012 

Product 

Active 

ingredient 

Rate (g ai/100L) applied for each experiment 

1 (2008) 2 (2009) 3 (2009) 4 (2011) 

Amistar 500 WG
A 

Azoxystrobin 25 25 25 27.5 

Cabrio 250 EC
B 

Pyraclostrobin    10 

Flint 500 WG Trifloxystrobin  25   

Score Difenoconazole    12.5 

Soprano 125 SC Epoxiconazole 12.5    

Rubigan Fenarimol    12.5 

Indar Fenbuconazole    12.5 

Mycloss Myclobutanil    12.5 

Tilt
A 

Propiconazole   12.5 12.5 

Folicur Tebuconazole    12.5 

Domark Tetraconazole    1.2 

Spin Flo Carbendazim  25   

Rovral 
B 

Iprodione  25   

A
 Used under permit in almonds   

B
 Currently registered for use on almond 
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Table 2. Production of T. discolor uredia and urediospores on Non-pareil leaves sprayed 

with either epoxiconazole or azoxystrobin three or seven days after inoculation – 

Experiment 1. Urrbrae, South Australia, December 2008. 

Treatment 

Rate                  

(g ai/100L) 

Application  

timing (DAI)
B 

Uredia
A
  

per cm
2
 

Urediospores
A
     

per cm
2 

Untreated - - 72 a 266087 a 

Epoxiconazole 12.5 3 days 0 c - 

Epoxiconazole 12.5 7 days 0.1 c - 

Azoxystrobin 25 3 days 29 b 87038 b 

Azoxystrobin 25 7 days 37 b 105156 b 

Treatment Prob(F) <0.01 0.02 

A
 Means followed by the same letter do not significantly differ (Tukey’s HSD; P>0.05) 

B
 DAI – days after inoculation 
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Table 3. The effect of fungicides applied one or three days after inoculation with rust (T. discolor) on the leaf area with uredia, uredia 

density and urediospore production 21 days after inoculation on almond variety Non-pareil – Experiment 2. Urrbrae, South 

Australia, January 2009. 

Treatment 

Rate                 

(g ai/100L) 

Leaf area infected
A,B,C 

Uredia per cm
2 B,C

 Urediospores per uredia
B,C

 

1 DAI 3 DAI MEAN
 

1 DAI 3 DAI MEAN 1 DAI  3 DAI MEAN 

Azoxystrobin 25 3.9 2.9 3.4 b 17.3 15.0 16.1 b 1060 1358 1209 ab 

Trifloxystrobin 25 2.5 3.1 2.8 b 19.6 35.2 27.4 b 172 714 443 b 

Iprodione 25 23.1 25.3 24.2 a 121.2 142.4 131.8 a 2085 1314 1700 a 

Carbendazim 25 26.0 23.1 24.5 a 113.4 111.6 112.5 a 1943 1263 1603 a 

MEAN 13.9 13.6  67.9 76.0  1315 1162  

Untreated 22.5 92.0 2587 

Fungicide Prob(F) <0.01 <0.01 <0.01 

Timing Prob (F) 0.94 0.56 0.51 

Fungicide × Timing Prob(F) 0.83 0.90 0.13 

A
 Means were transferred using arcsine square root percent prior to analysis. Untransformed means presented. 

B
 Means followed by the same letter do not significantly differ (Tukey’s HSD; P>0.05) 

C 
DAI – application timing in days after inoculation 
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Table 4. Germination of urediospores of T. discolor produced on leaves 21 days after 

inoculation and application of azoxystrobin or trifloxystrobin one or three days 

after inoculation – Experiment 2. Urrbrae, South Australia, January 2009. 

Treatment 

Rate 

(g ai/100L) 

Days after  

Inoculation 

% Urediospore germination 

Dry removal Wet removal
A
 

Untreated - - 96 91 a 

Azoxystrobin 25 1 18 12 b 

Azoxystrobin 25 3 35 18 b 

Trifloxystrobin 25 1 - 1 b 

Trifloxystrobin 25 3 46 35 ab 

Treatment Prob(F) 0.15 0.01 

A
 Means followed by the same letter do not significantly differ (Tukey’s HSD; P>0.05) 
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Table 5. The effect of azoxystrobin and propiconazole applied singly or mixed three days 

after inoculation with rust (T. discolor) on leaf area infected, uredia density and 

urediospore production, almond variety Non-pareil – Experiment 3. Urrbrae, 

South Australia, January 2009. 

Treatment 

Rate 

(g ai/100L) 

18 DAI
A,B,C 

38 DAI
A,C

 

Leaf area 

infected 

Uredia per 

cm
2
 

Spores per 

cm
2 

Untreated - 23 a 97 a 318310 a 

Azoxystrobin 25 6 b 44 ab 74604 ab 

Propiconazole 12.5 1 bc 17 b 52320 ab 

Azoxystrobin + Propiconazole 25 + 12.5 0.8 c 10 b 13553 b 

Treatment Prob(F) <0.001 <0.05 <0.05 

A
 Means followed by the same letter do not significantly differ (Tukey’s HSD; P>0.05) 

B
 Means were transformed using arcsine square root percent prior to analysis. Untransformed 

means presented. 

C 
DAI – days after inoculation 
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Table 6. The effect of fungicides applied five days after inoculation with rust (T. discolor) 

on the leaf area with uredia 23 days after inoculation on three almond cultivars – 

Experiment 4. Urrbrae, South Australia, January 2012 

Treatment 

Rate  

(g ai/100L) 

Leaf area infected (%) for each cultivar
A 

Padre Monterey Wood Colony 

Untreated - 11.0 a 0.7 17.5 a 

Pyraclostrobin 10 5.1 ab 0.3 4.5 bc 

Azoxystrobin 27.5 1.3 b 0.0 3.8 bc 

Tebuconazole 12.5 0.1 b 0.0 0.0 c 

Propiconazole 12.5 0.0 b 0.0 0.0 c 

Myclobutanil 12.5 0.0 b 0.0 0.0 c 

Difenoconazole 12.5 3.9 ab 0.1 1.2 bc 

Tetraconazole 1.2 2.2 ab 0.1 2.9 bc 

Fenbuconazole 12.5 6.8 ab 0.9 7.3 b 

Fenarimol 12.5 7.0 ab 1.3 16.1 a 

Treatment Prob(F) <0.01 0.12 <0.001 

A
 Means followed by the same letter do not significantly differ (Tukey’s HSD; P>0.05) 
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Table 7. Germination of T. discolor urediospores from uredia formed after post-infection 

applications of Amistar of Domark on almond cultivar Padre – Experiment 4. 

Urrbrae, South Australia, January 2012 

Treatment Rate (g ai/100L) % spore germination
A
 

Untreated inoculated - 98 a 

Azoxystrobin 25 69 b 

Tetraconazole 1.2 90 ab 

Treatment Prob(F) 0.026 

A
 Means followed by the same letter do not significantly differ (Tukey’s HSD; P>0.05) 
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7.0 General Discussion 

This study has identified a number of key aspects of almond rust epidemiology and investigated 

new options for management.  The findings of this study include establishing how rust survives 

between seasons in a deciduous crop and demonstrates how almond rust can be better controlled 

by an understanding of the pathosystem. 

 Differences in cultivar susceptibility could play a key role in the epidemiology of almond 

rust.  Almond orchards are all inter-planted with multiple cultivars to ensure pollination.  This 

study demonstrated that some cultivars are routinely infected with severe rust infections earlier 

in the season.  Two of the most susceptible cultivars, Nonpareil and Carmel, represent more than 

80% of the planted area of almonds in Australia.  The more susceptible cultivars produce 

inoculum earlier than more tolerant cultivars and this may reduce any benefit from a single 

tolerant cultivar inter-planted with highly susceptible cultivars.  Therefore, selection of more 

tolerant cultivars would require the incorporation of tolerance traits into multiple cultivars that 

are inter-planted for reciprocal pollination.  Alternatively, with a focus on self-compatible 

cultivars by the Australian almond breeding program, selection of rust tolerant cultivars would 

become less complicated.  The inclusion of rust tolerance (or immunity if identified by wider 

cultivar screening) into the “ideotype” for Australian almond cultivars could further reduce the 

reliance on multiple applications of fungicides to control rust. 

 With highly susceptible rust cultivars currently comprising the majority of the planted 

area in Australia, fungicide use will remain a critical management option for growers.  The range 

of fungicides currently available for control of almond rust is narrow and does not offer the 

flexibility available in other almond producing countries i.e. United States; for control of T. 

discolor or other diseases also observed in these studies such as brown rot and shot hole.  

Strobilurins evaluated either as straight formulations i.e. azoxystrobin; or in mixtures 
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(pyraclostrobin + metiram or boscalid) were highly effective protective treatments for rust, with 

useful activity on other key diseases such as brown rot and shot hole (Horsfield et al. 2010).   

Leaves retained on trees at the end of the season are the main source of overwintering 

inoculum for T. discolor in almonds.  While stem and fruit infections can occur, both plant 

structures do not readily produce high quantities of uredia and urediospores compared with leaf 

infections.  The ability for rust to infect green shoots could provide an additional source of 

overwintering inoculum, but where substantial numbers of retained leaves remain on trees 

between season they provide the “green bridge” needed for an obligate biotrophic pathogen such 

as T. discolor.  Alternative hosts such as peaches, plums and nectarines are unlikely to contribute 

to the initiation of epidemics as the race from almonds was unable to produce any uredia after 

inoculation.  This confirms research by Kable et al. (1986), showing that  rust ‘races’ exist for 

each major stone fruit species / grouping. 

Post-infection activity was observed in both the DMIs and the strobilurins.  Of the DMI’s 

evaluated, propiconazole, myclobutanil and tebuconazole were particularly effective when 

applied early in the latent phase of disease development, confirming in the work done in other 

stone fruit by Kable et al. (1987).  Strobilurins also demonstrated a useful level of post-infection 

activity, particularly when applied one day after infection.  However, the global Fungicide 

Resistance Action Committee (FRAC) guidelines do not recommend curative applications of 

strobilurins.   Therefore, co-formulation of strobilurin with a DMI would address resistance 

management while providing a product with protective and curative activity particularly after 

infection periods that occur during prolonged wet weather. 

 The findings of this study suggest that an integrated disease management system for 

almond rust would benefit growers.  Soto-Estrada et al. (2003) successfully developed a 

management program in peaches where a combination of monitoring rainfall, inoculum and 

strategic application of new fungicides such as azoxystrobin, significantly reduced the number of 
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fungicide applications required to control T. discolor.  An integrated disease management 

program for almonds would involve: 1) growing tolerant cultivars to delay the severity of 

infection and reduce early defoliation; 2) use of strategies such as crop hygiene by de-leafing at 

the end of each season; 3) adapting the PRUNERUST model to optimise fungicide spray timing; 

and 4) strategic use of fungicides with systemic protectant and post-infection activity such as the 

DMIs and strobilurins.  This approach would offer growers the opportunity to reduce routine use 

of protectant fungicides and focus on timing the application of fungicides for maximum benefit 

for preventing the development of rust epidemics.     
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9.0 Appendix 1 – Statistical analyses 

Chapter 3   Spearman’s Rank Correlations, ANOVA’s and Tukey’s HSD tests 

Table 3.  Spearman’s Rank Correlations 

 

Loxton LAI Results 

Spearman Rank Correlations, Corrected for Ties 

 

             Loxton 2008 

Loxton 2009 0.5941 

  P-Value   0.0958 

 

Maximum Difference Allowed Between Ties  0.00001 

Cases Included 9    Missing Cases 0 

 

Spearman Rank Correlations, Corrected for Ties 

 

Loxton 2009 

Loxton 2010 0.5355 

  P-Value 0.0283 

 

Maximum Difference Allowed Between Ties  0.00001 

Cases Included 17    Missing Cases 0 

 

Spearman Rank Correlations, Corrected for Ties 

 

Loxton 2010 

Loxton 2011 0.1967 

  P-Value 0.3644 

 

Maximum Difference Allowed Between Ties  0.00001 

Cases Included 23    Missing Cases 0 

 

Waite LAI, Uredia density and defoliation results 

Spearman Rank Correlations 

 

NAT11   NAT12   INOC12 

NAT12 0.8857 

  P-Value 0.0167 

INOC12      0.8286     0.8286 

             0.0333     0.0333 

DEF11       0.6000     0.7143     0.8857 

             0.1750     0.1028     0.0167 

 

Cases Included 6    Missing Cases 0 
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Loxton x Waite Spearman Rank Correlations 

Spearman Rank Correlations 

 

                   Loxton10   Loxton11 

Loxton11    0.3363 

  P-Value   0.2334 

Waite11     0.5209     0.0989 

             0.0567     0.7270 

 

Cases Included 14    Missing Cases 0 

 

Defoliation   

Spearman Rank Correlations, Corrected for Ties 

 

               Lox10     Lox11 

Lox11      -0.2368 

  P-Value    0.5139 

Waite11      0.4193     0.3578 

              0.2180     0.2956 

 

Maximum Difference Allowed Between Ties  0.00001 

Cases Included 10    Missing Cases 0 

 

Loxton 2010 Defoliation 

Spearman Rank Correlations, Corrected for Ties 

 

               SEV1      SEV2     SEV3    SEV4 

SEV2       0.1016 

  P-Value   0.6115 

SEV3        0.2919    0.8089 

             0.1387    0.0000 

SEV4        0.0739   -0.0337    0.0334 

             0.7112    0.8682    0.8682 

Def2010     0.2194    0.3655    0.3864    0.2401 

             0.2694    0.0614    0.0470    0.2259 

 

Maximum Difference Allowed Between Ties  0.00001 

 

Cases Included 27    Missing Cases 0 

 

Waite 2011 Defoliation 

Spearman Rank Correlations, Corrected for Ties 

 

                   DEF 

SEV         0.6050 

  P-Value   0.0005 

 

Maximum Difference Allowed Between Ties  0.00001 

Cases Included 30    Missing Cases 0 
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Table 4. Analysis of variance and Tukey’s HSD tests   

 

Randomized Complete Block AOV Table for LAI   

 

Source     DF         SS         MS   F          P 

REP         3     127.079     42.360 

VARIETY 2     202.978    101.489    7.01     0.0056 

Error              18     260.472     14.471 

Total      23     590.528 

 

Grand Mean 8.4299    CV 45.13 

Relative Efficiency, RCB 1.42 

 

Tukey HSD All-Pairwise Comparisons Test of LAI for VARIETY 

 

VARIETY     Mean    Homogeneous Groups 

      2    10.930  A 

      1    10.008   A 

      3     4.352       B 

 

Alpha                0.05      Standard Error for Comparison   1.9020 

Critical Q Value   3.611      Critical Value for Comparison   4.8561 

Error term used: Error, 18 DF 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 

 

Randomized Complete Block AOV Table for URDPERCM   

 

Source     DF         SS         MS        F          P 

REP         3      229.86     76.619 

VARIETY     2      483.40    241.699    6.14     0.0092 

Error      18      708.05     39.336 

Total      23     1421.31 

 

Grand Mean 20.012    CV 31.34 

Relative Efficiency, RCB 1.17 

Tukey HSD All-Pairwise Comparisons Test of URDPERCM for VARIETY 

 

VARIETY     Mean    Homogeneous Groups 

      2    23.975   A 

      1    22.325   A 

      3    13.738       B 

 

Alpha                0.05      Standard Error for Comparison   3.1359 

Critical Q Value   3.611      Critical Value for Comparison   8.0065 

Error term used: Error, 18 DF 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 
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Randomized Complete Block AOV Table for SPORPERUR   

 

Source    DF           SS           MS        F          P 

REP         3     5.847E+07    1.949E+07 

VARIETY     2     5.847E+07    2.923E+07    4.80     0.0214 

Error      18     1.097E+08      6095374 

Total      23     2.266E+08 

 

Grand Mean 7197.3    CV 34.30 

 

Relative Efficiency, RCB 1.49 

 

Tukey HSD All-Pairwise Comparisons Test of SPORPERUR for VARIETY 

 

VARIETY     Mean    Homogeneous Groups 

      1    9293.0   A 

      3    6749.5   AB 

      2    5549.4    B 

 

Alpha                0.05      Standard Error for Comparison   1234.4 

Critical Q Value   3.611      Critical Value for Comparison   3151.7 

Error term used: Error, 18 DF 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 
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Chapter 4 – Analysis of variance and t-tests   

ANOVA of spore germination from leaves collected from the crop canopy, ground or 

laboratory stored leaves during April using the sampling site as the replicate for the 

analysis 

 

ANOVA 

      Source of Variation SS df MS F P-value F crit 

Treatment 560.3733 2 280.1867 3.724566 0.21166 19 

Location 377.6267 1 377.6267 5.019851 0.154368 18.51282 

Error 150.4533 2 75.22667 

   
       Total 1088.453 5         

 

t-Test of spore germination from leaves collected from the crop canopy or laboratory 

leaves during May   

 

t-Test: Two-Sample Assuming Equal Variances 

      Canopy Lab 

 Mean 27.8 6 

 Variance 18 1.28 

 Observations 2 2 

 Pooled Variance 9.64 

  Hypothesized Mean Difference 0 

  df 2 

  t Stat 7.021307 

  P(T<=t) one-tail 0.009844 

  t Critical one-tail 2.919986 

  P(T<=t) two-tail 0.019687 

  t Critical two-tail 4.302653   

  

t-Test of spore germination from leaves collected from the crop canopy or laboratory 

leaves during June 

 

t-Test: Two-Sample Assuming Equal Variances 

      Canopy Lab 

 Mean 8.2 6.4 

 Variance 3.92 11.52 

 Observations 2 2 

 Pooled Variance 7.72 

  Hypothesized Mean Difference 0 

  df 2 

  t Stat 0.647834 

  P(T<=t) one-tail 0.291765 

  t Critical one-tail 2.919986 

  P(T<=t) two-tail 0.58353 

  t Critical two-tail 4.302653   
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t-Test of spore germination from leaves collected from the crop canopy or laboratory 

leaves during July 

 

t-Test: Two-Sample Assuming Unequal Variances 

      Canopy Lab 

 Mean 19.2 2.8 

 Variance 128 0 

 Observations 2 2 

 Hypothesized Mean Difference 0 

  df 1 

  t Stat 2.05 

  P(T<=t) one-tail 0.144463 

  t Critical one-tail 6.313752 

  P(T<=t) two-tail 0.288926 

  t Critical two-tail 12.7062   
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Chapter 6 – Analysis of variance and t-tests   

Table 2.  ANOVA and Tukey’s HSD tests  

 

Randomized Complete Block AOV Table for UREDPERCM   

 

Source    DF         SS         MS        F          P 

REP        6      2831.5     471.91 

TRT        4     24720.4    6180.10    26.78    0.0000 

Error     24      5538.8     230.78 

Total     34     33090.7 

 

Grand Mean 27.457    CV 55.33 

 

Tukey's 1 Degree of Freedom Test for Nonadditivity 

Source           DF         SS         MS        F          P 

Nonadditivity    1     3252.69    3252.69    32.72    0.0000 

Remainder       23     2286.11      99.40 

 

Relative Efficiency, RCB 1.18 

 

Tukey HSD All-Pairwise Comparisons Test of UREDPERCM for TRT 

 

TRT     Mean    Homogeneous Groups 

  1    71.571   A 

  5    36.571     B 

  4    29.000     B 

  3    0.1429      C 

  2    0.0000      C 

 

Alpha                0.05      Standard Error for Comparison  8.1202 

Critical Q Value   4.167      Critical Value for Comparison  23.924 

Error term used: REP*TRT, 24 DF 

There are 3 groups (A, B, etc.) in which the means are not significantly different from one 

another. 

 

Randomized Complete Block AOV Table for SPORPERCM   

 

Source    DF           SS           MS        F          P 

REP        6     8.449E+10    1.408E+10 

TRT        2     1.360E+11    6.800E+10    5.92     0.0162 

Error     12     1.377E+11    1.147E+10 

Total     20     3.582E+11 

 

Grand Mean 152760    CV 70.13 

 

Tukey's 1 Degree of Freedom Test for Nonadditivity 

Source           DF           SS           MS        F          P 

Nonadditivity    1     5.037E+10    5.037E+10     6.34     0.0286 

Remainder       11     8.736E+10    7.941E+09 
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Tukey HSD All-Pairwise Comparisons Test of SPORPERCM for TRT 

 

TRT      Mean    Homogeneous Groups 

  1    266087   A 

  5    105156     B 

  4     87038      B 

 

Alpha                0.05      Standard Error for Comparison   57264 

Critical Q Value   3.783      Critical Value for Comparison  153193 

Error term used: REP*TRT, 12 DF 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 

 

Table 3.  Factorial ANOVA and Tukey’s HSD test 

 

Analysis of Variance Table for LAI   

 

Source               DF         SS         MS        F          P 

REP                   3      112.23      37.41 

FUNGICIDE   3     3625.12    1208.37    35.72    0.0000 

TIMING   1        0.69       0.69      0.02     0.8878 

FUNGICIDE*TIMING     3       28.66       9.55      0.28     0.8375 

Error                 21      710.42      33.83 

Total                 31     4477.11 

 

Grand Mean 13.722    CV 42.39 

 

Analysis of Variance Table for tLAI (arcsine square root percent transformed means)   

 

Source               DF         SS         MS        F          P 

REP                   3       89.74      29.91 

FUNGICIDE             3     3098.33    1032.78    53.93    0.0000 

TIMING                1        0.10       0.10      0.01     0.9417 

FUNGICIDE*TIMING     3       17.02       5.67      0.30     0.8277 

Error                 21      402.15      19.15 

Total                 31     3607.34 

 

Grand Mean 19.500    CV 22.44 

 

Tukey HSD All-Pairwise Comparisons Test of tLAI for FUNGICIDE 

 

FUNGICIDE      Mean    Homogeneous Groups 

        4     29.625    A 

        3     29.049    A 

        1      9.871      B 

        2      9.456      B 

 

Alpha              0.05     Standard Error for Comparison  2.1880 

Critical Q Value  3.943     Critical Value for Comparison  6.0999 

Error term used: REP*FUNGICIDE*TIMING, 21 DF 
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There are 2 groups (A and B) in which the means are not significantly different from one 

another. 

 

Analysis of Variance Table for UREDPERCM   

 

Source               DF        SS         MS        F          P 

REP                   3      11909     3969.8 

FUNGICIDE             3      82616    27538.6    18.03    0.0000 

TIMING                1        536       536.3     0.35     0.5598 

FUNGICIDE*TIMING     3        872       290.8     0.19     0.9018 

Error                 21      32079     1527.6 

Total                 31     128013 

 

Grand Mean 71.944    CV 54.33 

 
Tukey HSD All-Pairwise Comparisons Test of UREDPERCM for FUNGICIDE 

 

FUNGICIDE      Mean    Homogeneous Groups 

        3     131.78    A 

        4     112.50    A 

        2      27.39      B 

        1      16.11      B 

 

Alpha              0.05     Standard Error for Comparison  19.542 

Critical Q Value  3.943     Critical Value for Comparison  54.480 

Error term used: REP*FUNGICIDE*TIMING, 21 DF 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 

 
Analysis of Variance Table for SPPERURED   

 

Source               DF           SS         MS        F          P 

REP                   3       1430227     476742 

FUNGICIDE             3       7832038    2610679    6.21     0.0035 

TIMING                1        186813     186813    0.44     0.5123 

FUNGICIDE*TIMING     3       2688349     896116    2.13     0.1266 

Error                 21       8827605     420362 

Total                 31     2.097E+07 

 

Grand Mean 1238.5    CV 52.35 

 

Tukey HSD All-Pairwise Comparisons Test of SPPERURED for FUNGICIDE 

 

FUNGICIDE      Mean    Homogeneous Groups 

        3     1699.5    A 

        4     1602.6    A 

        1     1208.9    AB 

        2      442.9       B 
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Alpha                 0.05      Standard Error for Comparison   324.18 

Critical Q Value    3.943      Critical Value for Comparison   903.75 

Error term used: REP*FUNGICIDE*TIMING, 21 DF 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 

 

 

Table 5.  Factorial ANOVA and Tukey’s HSD test 

 

Randomized Complete Block AOV Table for LAIONE   

 

Source    DF         SS         MS        F          P 

REP        3       85.98     28.659 

TRT        3     1323.07    441.023    24.09    0.0001 

Error      9      164.76     18.306 

Total     15     1573.80 

 

Grand Mean 7.5875    CV 56.39 

 

Tukey's 1 Degree of Freedom Test for Nonadditivity 

Source          DF         SS         MS        F          P 

Nonadditivity  1     147.515    147.515    68.44    0.0000 

Remainder       8      17.242      2.155 

 

Relative Efficiency, RCB 1.07 

 

Means of LAIONE for TRT   

 

TRT     Mean 

  1    22.975 

  2     5.625 

  3     0.987 

  4     0.763 

Observations per Mean            4 

Standard Error of a Mean    2.1393 

Std Error (Diff of 2 Means) 3.025 

 

Randomized Complete Block AOV Table for Tlaione   

 

Source  DF         SS         MS        F          P 

REP        3       55.83     18.611 

TRT        3     1433.16    477.719    37.84    0.0000 

Error      9      113.63     12.625 

Total     15     1602.62 

 

Grand Mean 13.000    CV 27.33 
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Tukey HSD All-Pairwise Comparisons Test of Tlaione for TRT 

 

TRT      Mean    Homogeneous Groups 

  1    28.370    A  

  2  13.243      B 

  3     5.445      BC 

  4     4.943        C 

 

Alpha              0.05     Standard Error for Comparison  2.5125 

Critical Q Value  4.418     Critical Value for Comparison  7.8491 

Error term used: REP*TRT, 9 DF 

There are 3 groups (A, B, etc.) in which the means are not significantly different from one 

another. 

 

Randomized Complete Block AOV Table for UREDPERCM   

 

Source    DF         SS         MS        F          P 

REP        3      3116.3    1038.75 

TRT        3     18622.7    6207.58    6.81     0.0108 

Error      9      8205.5     911.72 

Total     15     29944.4 

 

Grand Mean 42.400    CV 71.21 

 

Tukey's 1 Degree of Freedom Test for Nonadditivity 

Source          DF         SS         MS        F          P 

Nonadditivity 1     6190.51    6190.51    24.58    0.0011 

Remainder      8     2014.95     251.87 

 

Relative Efficiency, RCB 0.99 

 

Tukey HSD All-Pairwise Comparisons Test of UREDPERCM for TRT 

 

TRT      Mean    Homogeneous Groups 

  1    97.250    A 

  2    44.450    AB 

  3    17.425       B 

  4    10.475       B 

 

Alpha                0.05       Standard Error for Comparison   21.351 

Critical Q Value   4.418       Critical Value for Comparison   66.701 

Error term used: REP*TRT, 9 DF 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 

 

  



 

 148 

Randomized Complete Block AOV Table for SPORPERCM   

 

Source    DF           SS           MS        F          P 

REP        3     2.706E+10    9.020E+09 

TRT        3     2.236E+11    7.452E+10    5.78     0.0211 

Error      8     1.031E+11    1.289E+10 

Total     14 

 

Note: SS are marginal (type III) sums of squares 

 

Grand Mean 114697    CV 98.99 

 

Tukey HSD All-Pairwise Comparisons Test of SPORPERCM for TRT 

 

TRT      Mean    Homogeneous Groups 

  1    318310   A 

  2     74604    AB 

  3     52320    AB 

  4     13553       B 

 

Alpha                0.05      Standard Error for Comparison   80281 TO  88754 

Critical Q Value   4.527      Critical Value for Comparison  256996 TO 284120 

Error term used: REP*TRT, 8 DF 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 

 

Table 6.  ANOVA’s and Tukey’s HSD tests 

 

Completely Randomized AOV for PADRE 

 

Source    DF         SS         MS        F          P 

TRT        9     247.459    27.4954     5.52     0.0067 

Error     10      49.780     4.9780 

Total     19     297.239 

 

Grand Mean 3.7648    CV 59.26 

 

Homogeneity of Variances     F          P 

Levene's Test               3.6E+31    0.0000 

O'Brien's Test                   M          M 

Brown and Forsythe Test    4.6E+31    0.0000 

 

Welch's Test for Mean Differences 

Source         DF        F          P 

TRT           9.0        M     0.0000 

Error           M 

 

Component of variance for between groups   11.2587 

Effective cell size                            2.0 
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Tukey HSD All-Pairwise Comparisons Test of PADRE by TRT 

 

TRT      Mean    Homogeneous Groups 

  1    10.988    A 

 10    7.0315    AB 

  9    6.8190    AB 

  2    5.1440    AB 

  7    3.9440    AB 

  8    2.2315    AB 

  3    1.3375       B 

  4    0.1250       B 

  5    0.0280       B 

  6    0.0000       B 

 

Alpha                 0.05      Standard Error for Comparison   2.2311 

Critical Q Value    5.598      Critical Value for Comparison   8.8310 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 

 

Completely Randomized AOV for MONTEREY 

 

Source    DF         SS         MS        F          P 

TRT        9     3.75872    0.41764     2.16     0.1236 

Error     10     1.93689    0.19369 

Total     19    5.69561 

 

Grand Mean 0.3326    CV 132.34 

 

Homogeneity of Variances F          P 

Levene's Test               4.0E+31    0.0000 

O'Brien's Test                   M          M 

Brown and Forsythe Test    1.7E+32    0.0000 

 

Welch's Test for Mean Differences 

Source         DF        F          P 

TRT           9.0        M     0.0000 

Error           M 

 

Component of variance for between groups   0.11197 

Effective cell size                              2.0 

 

Completely Randomized AOV for WOODCOLONY 

 

Source    DF         SS         MS        F          P 

TRT        9     757.898    84.2109    27.21    0.0000 

Error     10      30.950     3.0950 

Total     19     788.848 

 

Grand Mean 5.3290    CV 33.01 
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Homogeneity of Variances F          P 

Levene's Test               2.8E+30    0.0000 

O'Brien's Test                   M          M 

Brown and Forsythe Test    2.8E+30    0.0000 

 

Welch's Test for Mean Differences 

Source         DF        F          P 

TRT           9.0        M     0.0000 

Error           M 

 

Component of variance for between groups 40.5580 

Effective cell size                              2.0 

 

Tukey HSD All-Pairwise Comparisons Test of WOODCOLONY by TRT 

 

TRT      Mean    Homogeneous Groups 

  1    17.500    A 

 10    16.094    A 

  9    7.2880       B 

  2    4.5440       BC 

  3    3.7565          BC 

  8    2.8755       BC 

  7    1.2315       BC 

  4    0.0000         C 

  5    0.0000         C 

  6    0.0000         C 

 

Alpha          0.05      Standard Error for Comparison   1.7593 

Critical Q Value   5.598      Critical Value for Comparison   6.9632 

There are 3 groups (A, B, etc.) in which the means are not significantly different from one 

another. 

 

Table 7.  ANOVA’s and Tukey’s HSD tests 

 

Completely Randomized AOV for GERM 

 

Source   DF         SS         MS        F          P 

TRT       2      914.33    457.167    15.76    0.0256 

Error     3       87.00     29.000 

Total     5     1001.33 

 

Grand Mean 85.667    CV 6.29 

 

Tukey HSD All-Pairwise Comparisons Test of GERM by TRT 

 

TRT      Mean    Homogeneous Groups 

  1    98.500    A 

  3    89.500    AB 

  2    69.000       B 
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Alpha                0.05      Standard Error for Comparison   5.3852 

Critical Q Value   5.909      Critical Value for Comparison   22.501 

There are 2 groups (A and B) in which the means are not significantly different from one 

another. 

 




