
 
 



AN ABSTRACT FOR THE THESIS OF 
 
 

Robin L. Mulvey for the degree of  
Master of Science in Botany and Plant Pathology presented on March 2, 2010. 
Title:  Castilleja and Pedicularis are Confirmed as Telial Hosts for White Pine Blister 
Rust in Whitebark Pine Ecosystems of Oregon and Washington. 
 
Abstract approved: 
 

Everett M. Hansen 
 
 

The primary objective of this research was to determine if native species within 

the genera Castilleja and Pedicularis are naturally infected by white pine blister rust 

(Cronartium ribicola) in whitebark pine ecosystems of the Oregon and Washington 

Cascade Range.  Secondary objectives were to monitor the phenology of aecial and telial 

hosts to determine if there is sufficient time for C. ribicola to complete its lifecycle 

within high-elevation stands, and to evaluate the extent and variety of susceptible native 

hosts within these genera through field and growth chamber inoculation.  These 

objectives were approached through fieldwork in 2008 and 2009 in whitebark pine 

ecosystems at Mt. Rainier, Mt. Adams, Mt. Hood, Mt. Bachelor, Tumalo Mtn. and Crater 

Lake.  Forty-nine observational study plots were established (28 in 2008 and 21 in 2009) 

and monitored three to six times per season.  Natural C. ribicola infection was detected 

on 84 Pedicularis racemosa plants and five Castilleja plants (C. applegatei, C. miniata, 

and C. parviflora).  Field observations provided evidence that there is sufficient time for 

C. ribicola to complete its lifecycle on hosts within high-elevation whitebark pine stands.  

In 2009, 18 field inoculation plots were established at Mt. Rainier and Crater Lake.  Field 

inoculation confirmed the susceptibility of two additional species within these genera, C. 

arachnoidea and P. bracteosa.  The species identity of the rust on field specimens was 

verified through PCR and genetic sequencing of the ITS1-5.8S-ITS2 region of DNA.  All 

four Castilleja species inoculated in the growth chamber developed infection, with an 

overall infection incidence of 62% (167 out of 270 plants).  Improved understanding of 

the role of these newly recognized hosts in white pine blister rust epidemiology should be 

used to prioritize sites for the restoration of ecologically-valuable whitebark pine.   
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Thesis Introduction and Literature Review 
 

 

White pine blister rust (WPBR) is caused by the heteroecious, macrocyclic 

fungus Cronartium ribicola J.C. Fisch. (Basidiomycete, class Uredinales).  Cronartium 

ribicola infection results in perennial branch and bole cankers on five-needled pines 

(subsection Strobus), which cause branch or tree mortality by girdling the vascular tissue.  

Introduced to western North America in 1910, C. ribicola has not co-evolved with native 

hosts, and most North American five-needled pines possess limited natural resistance 

(Hoff et al. 1980).  Whitebark pine (Pinus albicaulis Engelm.) is highly-susceptible to C. 

ribicola infection and its populations are declining in high-elevation ecosystems in 

western North America, where it is regarded as a foundation species (Tomback et al. 

2001; Resler and Tomback 2008).  Like other heteroecious pine stem rusts, C. ribicola 

must complete a portion of its lifecycle on the foliage of plants other than pines, termed 

alternate, or telial, hosts.  For more than a century, it has been understood that currants 

and gooseberries in the genus Ribes (family Grossulariaceae) serve as telial hosts for C. 

ribicola (Zhang et al. 2010 in press).  It has recently been demonstrated that C. ribicola is 

also able to complete the telial stage of its lifecycle on Castilleja and Pedicularis species 

(family Orobanchaceae) in North America (McDonald et al. 2006; Richardson et al. 

2007; Zambino et al. 2007).  The goal of this study was to investigate the epidemiological 

role of these newly recognized alternate hosts for C. ribicola in whitebark pine 

ecosystems of the Oregon and Washington Cascade Range.  This introductory chapter 

will describe the overall objectives and format of the thesis; the history of WPBR in 

North America; the current understanding of Castilleja and Pedicularis as telial hosts for 

C. ribicola in Asia and North America; the ecology of and threats to whitebark pine; and 

a summary of the methods used to address my research questions. 
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Study Objectives & Thesis Format 

 

 The primary objective of this research was to evaluate whether species of 

Castilleja and Pedicularis in whitebark pine ecosystems of the Oregon and Washington 

Cascades are susceptible to C. ribicola infection.  This objective was approached through 

a series of field observations across two years, field inoculation of Castilleja and 

Pedicularis species, and growth chamber inoculation of four species of Castilleja.   

The observational study was conducted to determine a) if natural infection occurs 

on these newly recognized host genera at detectable levels, and b) if there is sufficient 

temporal overlap between aeciospore dissemination on pine and the availability of telial 

host foliage for C. ribicola to complete its lifecycle within high-elevation ecosystems.  

Field inoculations at Mount Rainier National Park (MRNP) and Crater Lake National 

Park (CLNP), and growth chamber inoculations at Oregon State University (OSU), were 

used to gain insight into the extent and variety of Castilleja sp. (hereafter Castilleja) and 

Pedicularis sp. (hereafter Pedicularis) native to whitebark pine ecosystems that are 

susceptible to C. ribicola.  It was theorized that some susceptible species may not be 

infected at detectable levels under natural conditions.  Polymerase chain reaction (PCR) 

and genetic sequencing of the ITS region of DNA was used for rust species identification 

on field specimens, as there are other closely related Cronartium species that cannot be 

morphologically distinguished from C. ribicola on telial hosts. 

 The results of this thesis research are presented in two manuscript-style chapters.  

Chapter two describes the methods and results of the observational study, field 

inoculation trials and genetic analysis.  Chapter three presents the methods and results of 

the growth chamber inoculation trials conducted at OSU.  The fourth and final chapter 

provides an overall discussion and conclusion for the thesis. 

 

 

White Pine Blister Rust in North America 

 

Although its exact place of origin is still unknown, C. ribicola is believed to be 

native to Asia (McDonald and Hoff 2001; Hunt 2003).  Cronartium ribicola was initially 
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introduced to western North America in 1910 on a shipment of infected eastern white 

pine seedlings from France that were imported to a seedling nursery in Point Grey near 

Vancouver, British Columbia.  Multiple introductions are thought to have occurred in the 

eastern United States, where it was first discovered on cultivated currants in 1906 

(Mielke 1943; Hunt 2003).  White pine blister rust had already begun to cause disease 

problems in Europe before its introduction to North America, but details of the infection 

process and incubation period were not understood, and infected seedlings were 

unintentionally imported.  Valuable timber species, including Pinus monticola (western 

white pine), Pinus strobus (eastern white pine) and Pinus lambertiana (sugar pine), are 

among the North American pines susceptible to WPBR (Childs and Bedwell 1948).  

Since its introduction, C. ribicola has spread throughout much of the distribution of five-

needled pines in North America, although its range is still expanding in high-elevation 

forests in the southwestern United States (Hawksworth 1990; Van Arsdel et al. 1998; 

Geils et al. 1999; Geils 2001). The introduction of C. ribicola to North America 

prompted the United States Government to ratify the Plant Quarantine Act of 1912 to 

regulate plant importation to prevent the future introduction of invasive, destructive plant 

pathogens and pests (Maloy 1997).   

It has long been understood that populations of C. ribicola present in North 

America cycle between five-needled pines and currants and gooseberries in the genus 

Ribes (family Grossulariaceae), and that both types of host must be present in order for C. 

ribicola to complete the five spore stages of its lifecycle.  A national effort to eradicate 

Ribes sp. (hereafter Ribes) from North America was in place from the 1920s to the 1960s 

to halt the spread of the pathogen and protect important susceptible timber species.  The 

cumulative cost of this campaign was more than one billion USD (Mielke 1943; Maloy 

1997; McDonald et al. 2006).  However, C. ribicola continued to spread and the 

eradication efforts are considered to have been unsuccessful, especially in the western 

United States, due to the resilience, abundance and widespread distribution of this genus, 

and the long distances over which aeciospores are able to travel.   

Several authors attribute the inadequacy of the eradication effort to insufficient 

and inaccurate knowledge of C. ribicola biology, particularly with regard to aeciospore 

and basidiospore dispersal distance (Mielke 1943; Maloy 1997).  For example, Snell 
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(1942) was adamant that the 900 ft eradication zone enforced for cultivated red currants 

in the state of New York was excessive given the quantity of inoculum produced on this 

host relative to other species of Ribes.  In addition, a small number of infected Ribes 

plants are capable of supporting a large quantity of basidiospore inoculum.  Studies 

conducted by Toko et al. (1967) and King (1958) found little correlation between Ribes 

abundance and annual C. ribicola infection on pine, and documented high infection levels 

in some areas with low Ribes density.  Taylor (1922) quantified basidiospore production 

of individual telial columns of Ribes nigrum leaves and demonstrated that, on average, 

each telial column has the capacity to produce 6000 basidiospores.   

Recent evidence has suggested that another potential reason that Ribes 

eradication efforts were unsuccessful in breaking the disease cycle in North America is 

that species in the genera Castilleja and Pedicularis (family Orobancaceae) are also able 

to serve as telial hosts for C. ribicola (McDonald et al. 2006; Richardson et al. 2007).  

One important reason that these host genera may have been overlooked is that 

Cronartium coleosporioides J. C. Arthur, a native rust that cycles between lodgepole pine 

and Castilleja and Pedicularis, is morphologically indistinguishable from C. ribicola on 

these hosts (Vogler and Bruns 1998). 

C. ribicola is broadly distributed in North America, and it is no longer believed 

that eradication of the pathogen is possible.  Resistance breeding programs are being used 

to selectively propagate five-needled pines that possess quantitative and qualitative 

resistance.  In the western United States, resistance breeding programs were established 

in the Rocky Mountains (1946), Oregon and Washington (1956), and northern California 

(1957).  These programs were initially focused on breeding resistant P. monticola and P. 

lambertiana, but have expanded to include other susceptible pine species within the past 

decade (McDonald et al. 2004).  The Oregon and Washington resistance breeding 

program is stationed at Dorena Genetic Resource Center, USDA Forest Service (near 

Cottage Grove, Oregon), where researchers have experimentally demonstrated significant 

variation in natural resistance levels across whitebark pine populations of the Oregon and 

Washington Cascade Range (Sniezko et al. 2007).  Quantitative, or polygenic, resistance 

is particularly important for the long-term durability of host resistance among forest 

species (Carson and Carson 1989).  This is especially true for the pine- C. ribicola 
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pathosystem, considering that C. ribicola reproduces sexually and has a very short 

generation time compared to its pine hosts.  It is also critical that genes linked to 

environmental fitness are not lost as genes that confer resistance are selected (Kim et al 

2003), and that genetic diversity is maintained in the host population (Sniezko 2006). 

The introduction of C. ribicola to North American has had far-reaching 

ecological, economic and social impacts (Maloy 1997), and these impacts are still being 

felt more than a century after its introduction.  There is hope that breeding for natural 

resistance will enable susceptible pines species in North America to tolerate C. ribicola 

infection, and allow for their restoration and recovery throughout much of their native 

range.  Time will test the long-term durability of resistance breeding programs.  

Successful outplanting of resistant seed stock will also rely on restoring pine species on 

sites with low rust-hazard ratings, where there is minimal disease pressure, as determined 

by climate and the abundance of telial host species. 

 

 

Castilleja and Pedicularis as telial hosts for C. ribicola in Asia and North America 

 

In China, Japan and Korea, C. ribicola is able to use Castilleja and Pedicularis 

species as telial hosts (Yokota et al. 1975; La and Yi 1976; Millar and Kinloch 1991; La 

2009; Zhang et al. 2010), and Pedicularis is considered the primary telial host genus in 

many areas.  It was only in the last few decades that C. ribicola began to cause significant 

damage to some native Asian pines, which were previously thought to possess high levels 

of natural resistance.  Most notably, high disease incidence was reported on Pinus 

koraiensis and Pinus armandii, which are the most broadly-distributed and economically-

valuable five-needled pines in China, Korea and other countries in Asia (La 2009, Zhang 

et al. 2010 in press).  

Initially, the pine stem rust on Pedicularis in Asia was believed to be Cronartium 

kamtshatikum Jorsted, which had long been known to utilize five-needled pines as aecial 

hosts, and Castilleja and Pedicularis as telial hosts (Millar and Kinloch 1991).  The 

intricacy of the C. ribicola species-complex was realized when Korean and Japanese 

plantations of Korean pine, which had been believed to be infected with an autoecious 
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rust, became heavily infected in areas where proximal Pedicularis resupinata were also 

heavily infected (Yokota et al. 1975; La and Yi 1976; Millar and Kinloch 1991).  This 

prompted inoculation experiments using aeciospores from infected Pinus pumila and 

Pinus strobus in Japan.  These experiments verified that the Cronartium species causing 

damage was C. ribicola, and established multiple races of the pathogen.  One race of C. 

ribicola, which had mistakenly been known as the separate species C. kamtshatikum, was 

able to infect both Ribes and Pedicularis; the other race was only able to infect Ribes 

(Yokota and Uozumi 1976; Millar and Kinlock 1991).  A third race that was able to 

infect Pedicularis, but not Ribes, was experimentally demonstrated in Korea (Stephan 

and Hyun 1983). The susceptibility of Castilleja was not evaluated in these experiments.   

Recent genetic analyses indicate that there are significant genetic differences 

between populations of C. ribicola from different pine hosts and regions in China (Hei et 

al. 2003; Zhang et al. 2010 in press).  There are wild populations of C. ribicola from P. 

armandii that are only able to alternate on Ribes, and isolates from these populations 

appear to be more closely related to C. flaccidum than to reference sequences for C. 

ribicola.  Alternatively, there are wild rust populations from P. koriensis that are able to 

alternate on both Ribes and Pedicularis, and isolates from these populations segregate 

with C. ribicola reference sequences.  More research is needed to clarify the relationships 

between the races and strains of the C. ribicola species-complex in Asia.  The apparent 

diversity of pine stem rusts in Asia indicates that there are risks associated with 

introducing novel populations of C. ribicola to North America.  Four quarantine zones 

are currently established within China to prevent the introduction of new populations into 

areas where they might become invasive (Zhang et al. 2010 in press).  Eradication of 

Pedicularis resupinata is being used to manage white pine blister rust in parts of Asia.  In 

South Korea, Pedicularis eradication was initiated on a national scale by the South 

Korean government in 1973, and it has been demonstrated that this strategy is effectively 

reducing disease incidence in plantation forests to negligible levels (La 2009). 

As more information was gathered about the complexity of C. ribicola host-

specialization in Asia in the 1970s and ‘80s, North American and European research 

groups began to evaluate the host-specificity of established populations of C. ribicola.  In 

British Columbia, Hiratsuka and Maruyama (1976) reported successful inoculation of C. 
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miniata Dougl. ex Hook. in a greenhouse experiment using C. ribicola aeciospores from 

naturally-infected western white pine and whitebark pine.  However, follow-up 

inoculation experiments in the field and under controlled conditions were unable to 

reproduce these results (Hunt 1984; Patton and Spear 1989).  The detection of natural C. 

ribicola infection of Castilleja and Pedicularis in North America was likely hindered by 

the presence of Cronartium coleosporioides, a native rust that is morphologically 

indistinguishable from C. ribicola on these hosts (Vogler and Bruns 1998).  

In 2004, McDonald et al. (2006) detected infection on Castilleja miniata and 

Pedicularis racemosa Dougl. ex Benth. growing close to diseased whitebark pine and 

Ribes in the Selkirk Mountains of northern Idaho.  Molecular diagnostic methods were 

employed to positively identify the rust on these species as C. ribicola, although P. 

bracteosa Benth. and C. rhexifolia specimens collected from this site were determined to 

be infected with C. coleosporioides.  Pedicularis bracteosa from this same location was 

found to be infected with C. ribicola in 2006 (Zambino et al. 2007).  A subsequent study 

was designed to establish whether aeciospore isolates of C. ribicola from across North 

America were able to cause infection on P. racemosa, or if this phenomenon was 

localized.  Isolates from all sampled regions were able to complete their lifecycle on P. 

racemosa, and were not host-specific among Pedicularis, Castilleja and Ribes.  

Established molecular markers were unable to differentiate between C. ribicola on these 

different telial hosts (Richardson et al. 2007).  These findings support the theory that 

these species have served as hosts for C. ribicola in North America since its initial 

introduction.  It is unlikely that geographically isolated populations evolved this trait 

independently or that cryptic introductions could explain the extensive distribution of this 

phenomenon in North America.   

Aside from one infected P. racemosa specimen collected from the Klamath 

Mountains of northern California (pers. comm. Max Creasy, USDA Forest Service, July 

2008), C. ribicola infection has not been previously documented on Castilleja or 

Pedicularis in the Pacific Northwest.  Few or no studies have used a systematic approach 

to evaluate the natural occurrence of infection on these hosts in North America (pers. 

comm. Ned Klopfenstein, USDA Forest Service, Aug 2009).  Therefore, the extent of 

infection on these hosts and their relative importance to the WPBR disease cycle has yet 
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to be determined, and is of great interest to researchers and managers concerned with 

WPBR-epidemiology. 

 

 

Whitebark Pine:  Ecology and Threats 

 

Pinus albicaulis is a long-lived, slow-growing species found at high elevations in 

the Cascade and Rocky Mountains of western North America.  Pinus albicaulis grows in 

diverse species assemblages, occurring in pure stands and isolated tree islands on stressed 

or recently-disturbed sites, and also as a component of mid- to high-elevation mixed-

conifer forests.  It is able to withstand harsh conditions on exposed sites, and this trait 

gives it a competitive advantage on steep, rocky ridges near treeline.  Relative to other 

subalpine tree species, P. albicaulis is shade-intolerant, and is therefore outcompeted at 

lower elevations in the absence of disturbance (Arno 2001; Schwandt 2006).   It is 

considered a foundation species in high-elevation ecosystems because it provides 

ecosystem services that support community establishment, such as stabilizing soil, 

prolonging snowmelt and providing shade and nurse logs on exposed sites (Tomback et 

al. 2001; Aubry et al. 2008; Resler and Tomback 2008).  In addition, the large, lipid-rich, 

wingless seeds of whitebark pine represent a significant food source for Clark’s 

nutcrackers, grizzly bears, red squirrels and a variety of other bird and mammal species, 

particularly when alternative food sources are seasonally scarce.  Clark’s nutcracker is 

the primary dispersal agent of whitebark pine (Tomback and Kendall 2001).   

 Many factors are contributing to P. albicaulis population decline throughout its 

range, including WPBR, native mountain pine beetle (Dendroctonus ponderosae) 

epidemics, changes in timberline dynamics, and fire suppression and subsequent 

displacement by more shade-tolerant tree species (Keane et al. 1990; Kendall and Arno 

1990; Keane and Arno 1993; Zeglan 2002; Aubry et al. 2008).  The current global 

conservation status of P. albicaulis is vulnerable, indicating a “substantial, imminent 

threat” to the species, while its regional conservation status varies throughout its range 

(NatureServe 2009).  WPBR was first documented on P. albicaulis within its natural 

range in British Columbia in 1926 (Bedwell and Childs 1943), in Mt. Rainier National 
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Park in Washington in 1928 (Rochefort 2008), at Mt. Hood in Oregon in 1931 (Bedwell 

and Childs 1943), and in the southern Cascade Mountains of Oregon in 1940 (Mielke 

1943).  Of all five-needled pines that have been evaluated in North America, P. albicaulis 

has the highest susceptibility ranking to C. ribicola infection (Bedwell and Childs 1943; 

Mielke 1943).  Consequently, there has been a growing interest in whitebark pine 

ecosystem management, and a desire to better understand WPBR-epidemiology in 

sensitive high-elevation whitebark pine stands (Schwandt 2006; Aubry et al. 2008).   

WPBR has been observed on whitebark pine in many stands with few or no 

Ribes, and it has been assumed that the relatively fragile basidiospores of C. ribicola 

must travel from infected Ribes at lower elevations to infect these pines.  The maximum 

dispersal distance of basidiospores is generally believed to be 300 m, with upper 

estimates of 1600 m (Mielke 1943), although the movement of both basidiospores and 

aeciospores over complex topography is poorly understood (Lloyd et al. 1959; Van 

Arsdel 1967; Van Arsdel and Krebill 1995; Van Arsdel et al. 1998; Geils et al. 1999; 

Geils 2001; McDonald and Hoff 2001; Van Arsdel et al. 2006).  Observers have also 

noted aeciospore production on whitebark pine very late in the growing season, perhaps 

too late for C. ribicola to spread to alternate hosts and complete all spore stages necessary 

to reinfect pine before alternate host leaves senesce.  

The documentation of C. ribicola on Castilleja and Pedicularis in a whitebark 

pine ecosystem in the Rockies suggests an alternative means by which high-elevation 

pines may become infected (McDonald et al. 2006).  This is particularly true for 

ecosystems in which these plants are prevalent and are growing in association with 

susceptible pine hosts.  Therefore, there is a strong desire to understand whether 

Castilleja and Pedicularis in whitebark pine ecosystems of the Oregon and Washington 

Cascades are susceptible to C. ribicola, and if they could represent an important source of 

basidiospore inoculum in these ecosystems. 
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Summary of Approach 

  

 The confirmation of C. ribicola infection of Castilleja and Pedicularis in the 

Rocky Mountains suggests that these plants are a potential source of basidiospore 

inoculum in whitebark ecosystems.  Cronartium ribicola infection has not been 

previously documented on Castilleja or Pedicularis in Oregon or Washington, and few or 

no studies have focused on surveying for natural infection on these hosts in North 

America. 

The objectives of this study were approached, in part, through a series of field 

observations across two years to monitor for natural infection on these hosts and to track 

disease phenology in high-elevation whitebark pine ecosystems.  In 2008, 28 total 

permanent plots were established in stands containing whitebark pine at MRNP and at 

CLNP.  In 2009, two additional observation plots were established at MRNP, and 19 

plots were installed at Mt. Adams, Mt. Hood, Mt. Bachelor and Tumalo Mtn., for a total 

of 49 plots.  Field sites spanned high-elevation whitebark pine stands of the Cascade 

Range from MRNP in south-central Washington to CLNP in southern Oregon.  These 

major field locations were selected because they represented whitebark pine communities 

along a latitudinal gradient and were reported to have WPBR-diseased P. albicaulis 

present at detectable levels (Aubry et al. 2008).  They also contained plant communities 

that included alternate host species of interest and were easily accessible by vehicle and 

trail for multiple monitoring visits each season.   

Inoculation plots were established at MRNP and CLNP in 2009 to determine if 

species of Castilleja and Pedicularis that were not found to be infected at detectable 

levels under natural conditions might be susceptible to C. ribicola.  The aeciospores used 

to inoculate plants in these trials were collected from locally-infected P. albicaulis.  

These inoculation plots were established and regularly monitored throughout the growing 

season to track disease progression.  Five species were inoculated across ten plots at 

MRNP, and three species were inoculated across eight plots at CLNP.  Ten plants were 

inoculated in each plot, and at least two plots were installed for each species.   

Infected leaves detected in observational and inoculation study plots were 

collected for genetic analysis and as voucher specimens.  PCR and genetic sequencing 
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methods were employed to distinguish between C. ribicola and native C. coleosporioides 

on field specimens, as these rusts are morphologically identical in their telial stage on 

Castilleja and Pedicularis (Vogler and Bruns 1998, McDonald 2006).  Cronartium 

coleosporioides completes the aecial stage of its lifecycle on Pinus contorta Dougl. 

(lodgepole pine), which grows in association with P. albicaulis on some sites.  Specimens 

were extracted from infected leaf material, and polymerase chain reaction (PCR) was 

used to amplify the ITS1-5.8S-ITS2 (ITS) region of rRNA genes.  PCR used primers 

ITS-1F and ITS-4B, which are appropriate for amplifying Basidiomycete DNA from 

infected plant tissue because they select against plant and Ascomycete DNA sequences 

(Vogler and Bruns 1998).   

Two eight-week growth chamber inoculation trials of four Castilleja species were 

conducted at OSU during the spring of 2009.  The seed for this experiment was collected 

in 2008 from study plots at CLNP (C. applegatei Fern. var applegatei and C. 

arachnoidea Greenm.) and MRNP (C. miniata and C. parviflora Bong var. oreopola 

(Greenm.) Ownbey) in accordance with approved research permits, and grown in 

greenhouse facilities at OSU.  Natural infection of C. miniata had been documented in 

Idaho (McDonald et al. 2006; Richardson et al. 2007), but the susceptibility of local 

populations of C. miniata and the remainder of these species to C. ribicola in the Pacific 

Northwest was unknown.  Additional C. miniata seed was supplied by Seven Oaks 

Native Plant Nursery (Albany, Oregon).  Ribes nigrum L. plants were donated to this 

project by colleagues in the Department of Horticulture at OSU, and served as the 

positive control in these experiments.    

Aeciospores used to inoculate plants in the growth chamber experiments were 

collected from infected western white pine seedlings at Dorena Genetic Resource Center 

(USDA Forest Service, Cottage Grove, Oregon).  Field and growth chamber inoculation 

procedures were similar, but plants in the growth chamber were enclosed in plastic bags 

for two to three days post-inoculation, and the growth chamber was maintained at 

temperatures favorable to infection.  In total, 270 Castilleja plants were inoculated in the 

growth chamber.  Inoculated plants were monitored weekly, and infection incidence, 

signs of infection present and the number of infected leaves per infected plant was 

recorded for all inoculated plants over time. 
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Castilleja and Pedicularis Confirmed as Telial Hosts for Cronartium ribicola in 

Whitebark Pine Ecosystems of the Oregon and Washington Cascade Range 

 

 

Introduction 

 

 White pine blister rust (WPBR) is caused by the macrocyclic, heteroecious 

fungus Cronartium ribicola J.C. Fisch. (Basidiomycete, class Uredinales).  Cronartium 

ribicola infection results in perennial branch and bole cankers on five-needled pines 

(subsection Strobus) and foliar infections on other plants termed alternate, or telial, hosts.  

Infection on pines leads to reduced reproductive output when cone-bearing branches are 

killed, and can also result in direct tree mortality when the main stem is girdled (Arno 

2001).  Cronartium ribicola was introduced to western North America in 1910 through 

Vancouver, British Columbia, and there are believed to have been multiple introductions 

in the eastern United States (Mielke 1943; Hunt 2003).  WPBR has spread throughout 

much of the distribution of five-needled pines in North America, although it is still 

expanding its range in high-elevation forests in the southwestern United States 

(Hawksworth 1990; Van Arsdel et al. 1998; Geils et al. 1999; Geils 2001).  As a non-

native pathogen, C. ribicola has not co-evolved with its North American hosts, and 

natural resistance among most North American five-needled pine species is low (Hoff et 

al. 1980).  It has long been understood that populations of C. ribicola present in North 

America cycle between five-needled pines and currants and gooseberries in the genus 

Ribes (family Grossulariaceae), and that both types of host must be present in order for C. 

ribicola to complete the five spore stages of its lifecycle.  The goal of this study was to 

investigate the epidemiological role of newly recognized alternate hosts for C. ribicola in 

whitebark pine ecosystems of the Oregon and Washington Cascade Range. 

From the 1920s to the 1960s, at least one billion USD were spent on a national 

effort to eradicate Ribes sp. (hereafter Ribes) from North America to preserve valuable 

susceptible timber species, including eastern white pine (Pinus strobus), western white 

pine (Pinus monticola) and sugar pine (Pinus lambertiana) (Mielke 1943; Maloy 1997; 

McDonald et al. 2006).  These efforts are considered to have been unsuccessful, 
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particularly in the western United States, due to the difficulty of eradicating such a 

widespread, abundant, resilient and ecologically diverse genus, and the fact that relatively 

few plants are required to sustain sufficient inoculum for disease spread (Mielke 1943; 

Maloy 1997).  Studies conducted by Toko et al. (1967) and King (1958) found little 

correlation between Ribes abundance and annual C. ribicola infection on pine, and 

documented high infection levels in some areas with low Ribes density (Mielke 1943).  

Taylor (1922) made efforts to quantify teliospore and basidiospore production of 

individual telial columns on infected Ribes nigrum L. leaves.  It was determined that, on 

average, each telium supports 1500 teliospores, which germinate to produce 6000 total 

basidiospores.  Several authors attribute the failure of the eradication effort to insufficient 

and inaccurate knowledge of C. ribicola biology, particularly with regard to spore 

dispersal distance (Mielke 1943; Maloy 1997).  

 Recent evidence has suggested that another potential reason that Ribes 

eradication efforts were unsuccessful in breaking the disease cycle in North America is 

that species in the genera Castilleja and Pedicularis (family Orobancaceae) are also able 

to serve as telial hosts for C. ribicola (McDonald et al. 2006; Richardson et al. 2007).  

Although its exact place of origin is still unknown, C. ribicola is believed to be native to 

Asia (Hunt 2003; McDonald and Hoff 2001).  Populations of C. ribicola present in 

China, Japan and Korea are able to utilize hosts in the genera Castilleja and Pedicularis, 

and Pedicularis sp. (hereafter Pedicularis) are considered to be the principal telial hosts 

(La and Yi 1976; Yokota and Uozumi 1976; Richardson et al. 2007; La 2009; Zhang 

2010 in press).   

There have been previous attempts to determine if established populations of C. 

ribicola in North America could cause infection on Castilleja sp. (hereafter Castilleja).  

Although Hiratsuka and Maruyama (1976) reported successful telial production on 

greenhouse-inoculated Castilleja miniata Dougl. ex Hook in Canada, follow-up 

inoculation experiments were unable to reproduce these results (Hunt 1984; Patton and 

Spear 1989).  In 2004, McDonald et al. (2006) verified C. ribicola infection on C. 

miniata and Pedicularis racemosa Dougl. ex Benth. growing in whitebark pine 

ecosystems in the Selkirk Mountains of northern Idaho.  Pedicularis bracteosa Benth. 

from this same location was found to be infected in 2006 (Zambino et al. 2007).  A 
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subsequent study was designed to establish whether aeciospore isolates of C. ribicola 

from across North America were able to cause infection on P. racemosa, or if this 

phenomenon was localized.  Isolates from all sampled regions were able to complete their 

lifecycle on P. racemosa, and were not host-specific among Pedicularis, Castilleja and 

Ribes.  Established molecular markers were unable to differentiate between C. ribicola on 

these different telial hosts (Richardson et al. 2007).  These findings support the theory 

that C. ribicola in North America has been able to utilize these hosts since it was initially 

introduced, as it is unlikely that disjunct populations would evolve this trait 

independently.   

Pinus albicaulis Engelm. (whitebark pine) grows at high elevations in the 

Cascade and Rocky Mountains of western North America.  Its populations are declining 

due to a number of threats, including WPBR, native mountain pine beetle (Dendroctonus 

ponderosae) epidemics, changes in timberline dynamics, and fire suppression and 

subsequent displacement by more shade-tolerant competitors (Keane et al. 1990; Kendall 

and Arno 1990; Keane and Arno 1993; Schwandt 2006; Aubry et al. 2008).  Pinus 

albicaulis is considered a critical component of high-elevation ecosystems because it 

facilitates community establishment on harsh sites near treeline by stabilizing soil and 

snow, and providing shade and nurse logs (Tomback et al. 2001; Resler and Tomback 

2008).  In addition, its lipid-rich, wingless seeds represent a significant food source for 

many bird and mammal species, particularly when alternative food sources are seasonally 

scarce (Tomback and Kendall 2001).  Consequently, there has been a growing interest in 

whitebark pine ecosystem management, and a desire to better understand WPBR-

epidemiology in sensitive high-elevation stands.   

Many observers have reported high levels of WPBR in P. albicaulis stands with 

few or no Ribes.  In these areas, it has been assumed that the fragile basidiospores of C. 

ribicola must travel from Ribes at lower elevations to infect these pines.  However, the 

maximum dispersal distance and movement of basidiospores and aeciospores over 

complex montane topography is poorly understood (Van Arsdel 1967; Quick 1962; Van 

Arsdel and Krebill 1995; Van Arsdel et al. 1998; Geils et al. 1999; Arno 2001; Geils 

2001; Van Arsdel et al. 2006).  Observers have also noted aeciospore production on 

whitebark pine very late in the growing season, perhaps too late for C. ribicola to spread 
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to alternate hosts and complete all spore stages necessary to reinfect pine before alternate 

host leaves senesce.   

The documentation of C. ribicola on Castilleja and Pedicularis in the Rockies 

suggests an alternative means by which high-elevation pines may become infected, 

particularly in ecosystems in which these plants are growing in close proximity to five-

needled pines.  Aside from one infected P. racemosa specimen collected from the 

Klamath Mountains of northern California (pers. comm. Max Creasy, USDA FS, July 

2008), C. ribicola infection has not been previously documented on Castilleja or 

Pedicularis in the Pacific Northwest.  Few or no studies have used a systematic approach 

to evaluate the natural occurrence of infection on these hosts in North America.  

Therefore, the objectives of this study were to: 

 

1. Use field observation to evaluate whether native Castilleja and Pedicularis 

species are naturally infected by C. ribicola in whitebark pine ecosystems of 

the Oregon and Washington Cascade Range 

a. Determine whether or not natural infection occurs on species within these 

genera at detectable levels under field conditions 

b. Track spore phenology on aecial and telial hosts (including Ribes) to 

determine if there is sufficient time for C. ribicola to complete its 

lifecycle within high-elevation whitebark pine ecosystems, without 

necessarily relying on inoculum from lower elevations 

2. Use field inoculation to gain insight into the extent and variety of Castilleja 

and Pedicularis species that are able to serve as hosts for C. ribicola in 

whitebark pine ecosystems, some of which may not be infected at detectable 

levels under natural conditions 

3. Verify the species identity of rust on infected specimens using diagnostic 

polymerase chain reaction (PCR) and genetic sequencing of the ITS region of 

DNA coding for ribosomal RNA (rRNA) genes 

 

These objectives were approached through a series of field observations across 

two years.  In 2008, 28 permanent plots were established in whitebark pine ecosystems at 
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Mt. Rainier National Park (MRNP) and Crater Lake National Park (CLNP).  In 2009, two 

additional observation plots were established at MRNP, and 19 plots were established 

across Mt. Adams, Mt. Hood, Mt. Bachelor and Tumalo Mtn., for a total of 49 plots.  

Inoculation plots were established at MRNP (10 plots) and CLNP (8 plots), and plants 

were inoculated with aeciospores from locally-infected whitebark pine.  These plots were 

established and regularly monitored throughout the growing season to track disease 

phenology and to evaluate the susceptibility of Castilleja and Pedicularis to WPBR.  

PCR and genetic sequencing techniques were then used to determine rust species identity 

on collected plant specimens.  It was essential that biochemical methods were employed 

for this purpose, because native Cronartium coleosporioides J. C. Arthur (stalactiform 

rust) is morphologically indistinguishable from C. ribicola in its telial stage and is also 

able to utilize members of the family Orobancaceae, particularly species in the genus 

Castilleja, as telial hosts (Vogler and Bruns 1998, McDonald et al. 2006).  Cronartium 

coleosporioides completes the aecial stage of its lifecycle on Pinus contorta (lodgepole 

pine), which grows in association with P. albicaulis on many sites. 

 

 

Site Descriptions 

 

Field sites spanned high-elevation whitebark pine stands of the Cascade Range 

from MRNP in south-central Washington to CLNP in southern Oregon (Fig 2.1).  These 

major field locations were selected because they represented whitebark pine communities 

along a latitudinal gradient and were reported to have C. ribicola-infected P. albicaulis 

present at detectable levels (Aubry et al. 2008).  They also contained plant communities 

that included alternate host species of interest and were easily accessible by vehicle and 

trail for multiple monitoring visits each season.  This large region can be subdivided into 

the Southern Washington Cascades (Mt. Rainier and Mt. Adams) and the High Cascades 

of Oregon (Mt. Hood, Mt. Bachelor, Tumalo Mtn. and Crater Lake) (Franklin and 

Dyrness 1973).  Commonalities among these field sites include a brief growing season 

(late-June to September), poorly developed soils owing to geologically recent volcanic 

activity and deposition, severe winters, and snowmelt as the principle source of moisture 
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during the growing season.  Aside from latitude, key differences between sites are related 

to variation in geologic history and parent material, plant species assemblages, and 

temperature and moisture regimes that are influenced by regional and local topography.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.1  Study locations in the OR and WA Cascade Range. 
 
 
Geology 

 

The Southern Washington Cascades region is primarily composed of andesite and 

basalt flows, and is typified by ridge crests, steep valleys and three major volcanic peaks, 

which include Mt. Rainier (4392 m) and Mt. Adams (3742 m).  Andesite flows, tephra, 

and pyroclastic deposits that date from the Pleistocene comprise the slopes of Mt. Rainier 

and Mt. Adams, and more recent pumice deposits are particularly prevalent on Mt. 

Adams.  Soils are generally poorly developed Inceptisols, with upper mineral horizons of 

sandy loam to silt loam texture (Franklin and Dyrness 1973).  
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The High Cascades of Oregon, a region of geologically young volcanic peaks, 

experienced its most active deposition events during the late Pliocene and Pleistocene 

periods.  These events deposited gray olivine basalts and andesites.  More recent geologic 

events have given rise to most of the major peaks, which primarily consist of olivine-

bearing andesite.  Cinder cones, such as Tumalo Mtn., are composed of red basaltic and 

andesitic pyroclastic rocks.  In central and southern Oregon, bedrock is frequently buried 

beneath pumice, cinders and ash, deposited by the eruption of Mt. Mazama less than 

7,000 years ago (Franklin and Dyrness 1973).  This eruption formed the caldera of Crater 

Lake, where common high-elevation landforms include ash flows, talus slopes, 

stratovolcanoes, and andesitic colluvia (NRCS Web Soil Survey).  These soils display 

little profile development.  Glacial till, which exhibits comparatively greater soil 

development, is an abundant deposit on the slopes of Mt. Hood (Franklin and Dyrness 

1973).  

 

Climate 

 

Both mean total annual precipitation and mean precipitation during the growing 

season (June-September) vary among study locations, with the lowest annual and 

growing season precipitation reported for the east rim of Crater Lake, and the highest 

annual and growing season precipitation reported for Mt. Hood (Prism Climate Group 

2009) (Table 2.1).  Relative humidity and leaf wetness play a significant role in C. 

ribicola infection (Doran 1922), so precipitation during the growing season is particularly 

important to WPBR epidemiology.  Mean annual high temperatures and mean annual low 

temperatures follow expected trends for slightly lower average temperatures 

corresponding to more northerly latitudes.  There was a steeper gradient in mean July 

high temperature between the northernmost site (Mt. Rainier) and the southernmost site 

(Crater Lake). 
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Table 2.1  Temperature and precipitation data for study areas.  Period of Record 1971-
2000.  Data are presented for the first observational study plot established at each study 
location, and from plots on the east and west rim of Crater Lake (PRISM 2009, Grid 
Resolution 800 m).   
 

Location  
(North to South) 

Mean Annual 
High Temp 

(°C) 

Mean Annual 
Low Temp 

(°C) 

Mean High 
July Temp 

(°C) 

 Mean Annual 
Precip (cm) 

Mean June-Sept 
Precip (cm) 

Mt. Rainier 6.2 -2.2 16.0 197.0 24.4 
Mt. Adams 7.1 -2.2 18.1 225.4 19.6 
Mt. Hood 6.8 -0.2 16.9 306.7 34.1 

Mt. Bachelor 7.1 -4.4 17.9 206.8 20.4 
Tumalo Mtn.  7.5 -4.0 19.2 163.5 16.2 

Crater Lake (W) 8.7 -2.8 19.8 172.4 14.2 
Crater Lake (E) 7.9 -1.3 19.2 108.7 9.7 

 
 
Plots within Major Field Locations  

 

 At MRNP, plots were located at Sunrise, in the northeastern region of the park 

within the White River drainage area.  Plots at Sunrise were established on sites with 

varied aspect, slope and parent material.  In the Mt. Adams Wilderness Area, plots were 

established along the South Climb Trail on the southwest mountain face.  Plots at Mt. 

Hood were located on the southwestern face of the mountain close to the Timberline Trail 

between Timberline Lodge and Zigzag Canyon.  At Mt. Bachelor, plots were 

concentrated on the southeast-facing slope on topographically complex terrain composed 

of pyroclastic cobbles and talus.  Plots at Tumalo Mtn. were installed on the west to 

southwestern face of the cinder cone.  At CLNP, plots were established throughout 

whitebark pine habitat, and included sites around the rim of the lake, and on Mt. Scott 

and Wizard Island. 

 

Species Composition 

  

 Pinus albicaulis grows in diverse species assemblages, occurring in pure stands 

and isolated tree islands on stressed or recently-disturbed sites, and also as a component 

of mid- to high-elevation mixed-conifer forests.  It is able to withstand harsh conditions 

on exposed sites, and this trait gives it a competitive advantage on steep, dry and rocky 
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ridges near treeline.  Relative to other subalpine tree species, P. albicaulis is shade-

intolerant, and is therefore outcompeted at lower elevations in the absence of disturbance 

(McDonald and Hoff 2001; Schwandt 2006).  High-elevation stands containing P. 

albicaulis are typified by limited shrub cover and a well-developed herbaceous layer 

composed of forbs and grass-like species (Diaz et al. 1997). 

In Washington and northern Oregon, on sites east of the Cascade Crest, P. 

albicaulis grows in association with Abies lasiocarpa (subalpine fir), Picea engelmannii 

(Engelmann spruce) and Pinus contorta, with Chamaecyparis nootkatensis (Alaskan 

yellow-cedar) sometimes present as a minor stand component.  Tsuga mertensiana 

(mountain hemlock), A. lasiocarpa and P. albicaulis tend to dominate subalpine stands at 

Mt. Adams and Mt. Hood.  Pinus albicaulis is sometimes sparsely scattered throughout 

these stands below 1800 m, but becomes more dominant with increasing elevation (Diaz 

et al. 1997).  In central and southern Oregon (Mt. Bachelor, Tumalo Mtn. and CLNP), P. 

albicaulis grows in association with T. mertensiana and P. contorta, or in pure stands.  

Basal area of dead P. albicaulis equaled or exceeded live basal area at many sites because 

P. albicaulis had been killed by WPBR or mountain pine beetles (Table 2.2).   

The distribution and abundance of Ribes, Castilleja and Pedicularis are 

particularly relevant to this study, and varied considerably among study locations (Fig 

2.2).  Plots at MRNP supported the highest diversity of Castilleja and Pedicularis 

species, and multiple species were frequently found growing together, particularly in wet 

drainages (Table 2.3).  Ribes howelli Greenm. was the only Ribes observed in the 

whitebark pine zone at MRNP, and was detected at just one location.  At Mt. Adams, P. 

racemosa was extremely abundant, and was the single species monitored.  Castilleja 

miniata, C. parviflora Bong. var. oreopola (Greenm.) Ownbey and P. racemosa were 

common at Mt. Hood, and were monitored in addition to C. miniata and two large, 

scattered R. howellii shrubs.  Castilleja arachnoidea Greenm. and C. hispida Benth. were 

monitored at Tumalo Mtn. and Mt. Bachelor, respectively.  At CLNP, Pedicularis did not 

occur in association with whitebark pine, although P. groenlandica Retz. was present in 

drainages a few hundred feet below the caldera rim.  Several species of Ribes and 

Castilleja were common and abundant in whitebark pine stands at CLNP, particularly R. 

erythrocarpum Coville & Leiberg, C. arachnoidea and C. applegatei Fernald. 
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Fig 2.2  Pedicularis, Castilleja and Ribes species that grow in association with whitebark 
pine in the Cascade Range.  Top row:  P. bracteosa, P. contorta, P. groenlandica, P. 
racemosa and P. ornithorhyncha.  Middle row:  C. arachnoidea, C. hispida, C. miniata 
and C. parviflora.  Bottom row:  R. erythrocarpum, R. howellii, R. lacustre and R. 
viscosissimum.       
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Table 2.2 Basal area (m2/hectare) of tree species in observational study plots. Prism count 
(BAF 5).  For plots established in 2009, BA was calculated by measuring all trees in 
10m-radius plots (indicated by * in plot column).  At Mt. Adams and in Mt. Hood plot 
Timber 3, dominance-status (sub-dominant, co-dominant or dominant) or “present” listed 
in place of basal area for 10-m radius plots. 

 
Location Plot P. albicaulis 

(live) 
P. albicaulis 

(dead) A. lasiocarpa P. contorta T. mertensiana Total 
live 

Mt. 
Rainier 

Sunrise 1 1.15  4.58   5.73 
Sunrise 2 2.29  13.74   16.03 
Sunrise 3 2.29 2.29 16.03   18.32 
Sunrise 4 6.87  4.58   11.45 
Sunrise 5 2.29  14.89   17.18 
Sunrise 6 9.16 2.29 4.58   13.74 
Sunrise 7 1.15  12.60   13.74 
Sunrise 8 2.29  6.87   9.16 
Sunrise 9 2.29  17.18   19.47 
Sunrise 10 2.29     2.29 

Sunrise 11* 0.19  1.09   1.27 
Sunrise 12* 0.19     0.19 

Mt. 
Adams 

Adams 1 sub-dom  co-dom  co-dom  
Adams 2 sub-dom  dom    
Adams 3 co-dom  co-dom    
Adams 4 sub-dom  sub-dom  dom  
Adams 5 sub-dom  dom  sub-dom  
Adams 6 dom  sub-dom  sub-dom  

Mt. 
Hood 

Timber 1* 0.36 2.69   0.21 0.57 
Timber 2* 1.60 0.75 0.81  0.02 2.44 
Timber 3 present  present  present  
Timber 4* 0.01  0.55  0.86 1.42 
Timber 5* 0.11  3.31  0.78 4.21 
Timber 6* 0.06  1.19  5.80 7.05 

Mt. 
Bachelor 

Bach 1* 16.65 5.77    16.65 
Bach 2* 1.36 5.88  0.26 0.35 1.97 
Bach 3* 4.28 1.79   0.42 4.71 
Bach 4* 1.07 2.16  0.06 0.27 1.41 

Tumalo 
Mtn. 

Tum 1* 4.35 0.58  0.48  4.83 
Tum 2* 16.17 2.40    16.17 
Tum 3* 0.09   1.10  1.19 

Crater 
Lake 

Cloudcap 1 24.05     24.05 
Cloudcap 2 21.76 2.29    21.76 
Dutton 1 11.45    4.58 16.03 
Dutton 2 18.32 8.02    18.32 
Dutton 3 11.45 11.45    11.45 

Hillman 1 9.16 2.29   2.29 11.45 
Hillman 2 16.03 1.15   1.15 17.18 

Llao 1 6.87 2.29    6.87 
Llao 2 18.32 3.44   6.87 25.19 
Llao 3 9.16 13.74    9.16 

Mt. Scott 1 19.47 4.58  3.44  22.90 
Mt. Scott 2 26.34     26.34 
Mt. Scott 3 17.18     17.18 
Watchman 26.34     26.34 

West Rim 1 1.15    4.58 5.73 
West Rim 2 2.29    5.73 8.02 

Wizard 1 3.44 1.15   2.29 5.73 
Wizard 2 3.44    1.15 4.58 
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Table 2.3  Locations and species monitored for observational study plots. Species 
abbreviations: Caar (Castilleja arachnoidea), Caap (C. applegatei), Cahi (C. hispida), 
Cami (C. miniata), Capa (C. parviflora), Pebr (Pedicularis bracteosa), Peco (P. 
contorta), Peor (P. ornithorhyncha), Pera (P. racemosa), Perai (P. rainierensis), Rier (R. 
erythrocarpum), Riho (R. howellii), Rila (R. lacustre), and Rivi (R. viscosissimum).  
Parentheses indicate less than 30 plants monitored. 

 
Location Plot  Species Lat/Long (hddd.ddddd°/WGS 84) Elevation (m) 
Mt. Rainier Sunrise 1 Capa, Peco, Pebr N 46.91542 W 121.65884 1931 

Sunrise 2 Pebr, Pera, (Capa) N 46.91475 W 121.65196 1914 
Sunrise 3 Caap, Pebr, (Pera) N 46.91467 W 121.65390 1912 
Sunrise 4 Pera, (Capa), (Pebr) N 46.91214 W 121.65705 1900 
Sunrise 5 Pera, (Capa), (Pebr) N 46.90975 W 121.66049 1920 
Sunrise 6 Cami N 46.91278 W 121.64606 1902 
Sunrise 7 Pera N 46.91639 W 121.66366 1999 
Sunrise 8 Capa, Peco, Pebr, (Pera) N 46.91263 W 121.65403 1891 
Sunrise 9 Capa, Pera, Perai, (Riho) N 46.91734 W 121.65929 1957 
Sunrise 10 Capa, Peco, Pera N 46.90976 W 121.66209 1962 
Sunrise 11 Capa, Pebr N 46.91829 W 121.64594 2021 
Sunrise 12 Capa, Peor N 46.92046 W 121.65633 2076 

Mt. Adams Adams 1 Pera N46.14174 W121.49522 1820 
Adams 2 Pera N46.14354 W121.49490 1845 
Adams 3 Pera N46.14618 W121.49109 1914 
Adams 4 Pera N46.14617 W121.49026 1908 
Adams 5 Pera N46.14813 W121.48991 1945 
Adams 6 Pera N46.15301 W121.49017 2037 

Mt. Hood 
 

Timber 1 Capa, (Riho) N45.34002 W121.72351 1877 
Timber 2 Capa, Pera, (Cami) N45.33741 W121.72684 1799 
Timber 3 Capa, Pera N45.33794 W121.72647 1806 
Timber 4 Capa N45.33837 W121.72393 1842 
Timber 5 Pera, (Capa) N45.34068 W121.73795 1672 
Timber 6 Pera N45.34081 W121.73509 1750 

Mt. Bachelor Bach 1 Cahi N43.98103 W121.67209 2289 
Bach 2 Cahi N43.97921 W121.67300 2329 
Bach 3 Cahi N43.97747 W121.67027 2274 
Bach 4 Cahi N43.97555 W121.67157 2320 

Tumalo Mtn. Tum 1 Caar N44.00102 W121.64227 2301 
Tum 2 Caar N44.00316 W121.64312 2345 
Tum 3 Caar N44.00327 W121.64598 2280 

Crater Lake Cloudcap 1 Caar N42.93117 W122.04301 2462 
Cloudcap 2 Caar N42.93638 W122.04842 2420 
Dutton 1 Caar N42.88808 W122.08195 2287 
Dutton 2 Caar N42.89220 W122.08143 2327 
Dutton 3 Caar N42.88808 W122.07764 2270 
Hillman 1 Caar, (Rier) N42.94847 W122.16940 2370 
Hillman 2 Caar, (Rier) N42.95026 W122.16914 2408 
Llao 1 Caar, (Rier) N42.96949 W122.14677 2289 
Llao 2 Caar, (Rier) N42.97168 W122.14257 2351 
Llao 3 Caar N42.97267 W122.13956 2416 
Mt. Scott 1 Caar N42.92823 W122.02914 2346 
Mt. Scott 2 Caar N42.91780 W122.01787 2569 
Mt. Scott 3 Caap N42.91937 W122.01915 2626 
Watchman Caap N42.94276 W122.17256 2435 
West Rim 1 Caar, (Rier) N42.91861 W122.16294 2159 
West Rim 2 (Rier), (Rila), (Riva) N42.90965 W122.13252 2196 
Wizard 1 Caap N42.93828 W122.14606 2113 
Wizard 2 Caap N42.93841 W122.14707 2091 
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 Methods 

 

Observational Study 

 

Plot locations were established where actively-infected P. albicaulis (i.e. pine 

with perennial cankers producing aeciospores) were growing within 25 m of Castilleja, 

Pedicularis and/or Ribes populations consisting of a minimum of 30 individuals of at 

least one species of interest.  At several sites, more than one species within the genera of 

interest were present and, in these cases, multiple species were monitored.  Only P. 

albicaulis with active cankers were considered as potential plot center trees, because it 

was theorized that these trees would serve as an inoculum source for proximal alternate 

host populations.  However, some plot center trees established during the 2008 field 

season were no longer sporulating in 2009.  In most of these instances, additional infected 

P. albicaulis were located within or close to the plot to serve as a potential inoculum 

source.  

Extensive reconnaissance early in the growing season (June and July) allowed for 

suitable study sites to be located.  Because sites were to be revisited multiple times 

throughout the field season, site access via road or trail was an important component of 

selection criteria.  Another aim was to sample sites with varied aspect, slope, parent 

material and other site characteristics.  When a number of potential plots that met the 

selection criteria were located within a relatively small geographic area (i.e. 150 m x 150 

m), a random number table was used to select the plot center tree from all candidate trees.  

Although plot center selection was randomized in this way wherever possible, it is 

understood that the lack of true random sampling limits the scope of inference of this 

study.  Plots were established a minimum of 150 m apart to maintain plot independence, 

with the exception of a few plots at MRNP, Mt. Adams, and Mt. Hood. 

In 2008, 28 total plots were established at CLNP (18 plots) and at Sunrise in the 

northeast region of MRNP (10 plots) between late-July and mid-August.  In 2009, 

additional plots were established mid-July to early-August, including two supplemental 

plots at MRNP, six plots near Timberline in the Mt. Hood National Forest and 

Wilderness Area, and seven plots at Mt. Bachelor and Tumalo Mountain in the Deschutes 
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National Forest.  Six plots were then established in the Mt. Adams Wilderness Area in 

mid-August 2009.  In total, 49 plots were monitored during the 2009 field season (Fig 

2.3, Table 2.3). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.3  Locations of permanent plots in the OR and WA Cascade Range.  Top row to 
bottom row:  Mt. Rainier, Mt. Adams, Mt. Hood, Mt. Bachelor and Tumalo Mtn., and 
Crater Lake. 



27 
 

Plot centers were established 1 m north of selected plot center trees, and GPS 

coordinates, aspect, percent slope and elevation were recorded at plot center.  Nested 5-m 

radius shrub and ground cover and 10-m radius tree plots were centered on this plot 

center and the percent cover of shrubby and herbaceous species within these plots was 

recorded (Appendix A).  Percent cover of coarse wood, rock, grass and bare ground was 

also recorded within the 5-m plot.  Diameter at breast height (DBH), live-dead status, and 

any observed injuries (mechanical wounds, disease or insect damage) were recorded for 

all P. albicaulis ≥ 3 cm DBH and taller than breast height within the 10-m radius of the 

plot tree.  DBH and observed injuries were recorded for all tree species on site that were 

included in a prism count (BAF 5) from plot center.  Plots established during the 2009 

field season omitted the prism count, and instead measured the DBH of all trees within 10 

m of plot center.   

 The nearest plant of a particular species of interest to the plot tree was designated 

the alternate host plot center, and location of this plant relative to the plot tree was 

recorded (distance and azimuth).  At least 30 plants of that species growing closest to this 

alternate host plot center were selected and temporarily flagged, and their distance and 

azimuth from the plot center was recorded.  All plant species of interest were perennial, 

frequently growing in multi-stemmed clumps, and each clump was treated as one 

individual plant.  Each plant was carefully examined for signs of C. ribicola or other 

injury (e.g. insect feeding or damage, rodent grazing, powdery mildew, etc.).  The 

number of stems and flowering stems was recorded for each individual.  If multiple 

species of interest were present, this protocol was repeated.  In most plots, more than 30 

plants per species were checked on initial and return visits due to the high abundance of 

species of interest in plots (on average, 46 plants per species per visit).  Ribes was an 

exception to this, often growing as a large erect or spreading multi-stemmed shrub in 

which defining an individual was difficult.  It was unusual to find more than 15 discrete 

Ribes shrubs per site.    

 Plots were revisited every two to four weeks after plot establishment through the 

end of the growing season (mid- to late-September).  On each visit, observations of spore 

phenology on pine and the developmental status of alternate hosts species were recorded, 

and alternate hosts were inspected for infection.  Infected leaves were collected for 
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microscope examination and biochemical analysis to verify the presence of C. ribicola.  

When numerous infected leaves were discovered on one plant or many infected plants 

were found within a plot, some infected leaves were left undisturbed such that spore stage 

progression could be monitored on return visits.  Collected specimens were stored dry on 

herbarium sheets or in coin envelopes, labeled with pertinent collection information.  A 

description of the pathogen signs present (fruiting structures and spores), the number of 

infected leaves collected per plant, and the location of infected plants within the plot 

relative to the plot center tree were recorded.  If it was determined that plants of a 

particular species in a plot were senesced such that they could no longer support C. 

ribicola infection, these plants were not monitored on future trips.   

 

Field Inoculation 

  

Inoculation plot locations were selected haphazardly where ten or more plants of 

a host species of interest were growing together.  Inoculation plots were established at 

least 75 m, and in most cases greater than 100 m, from existing observational study plots 

and from each other.  Two inoculation plots at MRNP were exceptions to this spacing, 

and were located just 30 m apart, but monitored different host species.  Ten plants of one 

species were inoculated in each plot, and plants were spaced about 1- 2 m apart.  Protocol 

was developed based on inoculation experiments of Castilleja miniata conducted by 

Patton and Spear (1989), although aeciospores, in place of urediniospores, were used to 

inoculate plants. These methods, with minor adjustments, were used to successfully 

inoculate four Castilleja species in a growth chamber experiment conducted at Oregon 

State University in spring 2009 prior to field inoculation plot establishment (Chapter 3).  

Aeciospores were collected by scraping aecial blisters with a pointed metal tool 

and allowing spores to fall into 1.5 ml collection vials (Fig 2.4).  After collection, spores 

were sifted through a fine wire mesh, and vials were filled to a set volume that 

corresponded to approximately 50 mg of spores.  Spores were stored frozen for up to four 

days until plants were inoculated.  On site, 50 mg vials of spores were mixed with 100 ml 

of distilled water and a minute quantity of diluted Tween 80 (syn. Polysorbate 80), a 

surface surfactant, immediately prior to inoculation.  The spore, water and surfactant 
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solution was thoroughly mixed by shaking.  A paint-sprayer (Model 250-4, Badger 

Airbrush Co., Franklin Park, IL, USA) with 120 ml jar-capacity was used to inoculate 

plants, each plant receiving 10 ml of spore suspension (Fig 2.4).  PROPEL fuel (Badger 

Airbrush Co.; 1,1-Difluoroethane and Butane) was used to power the sprayer, and the 

fuel canister was held in place in a 1-gallon plastic jug that was one-third filled with 

water.  This was done to prevent the fuel from freezing as a result of long-duration 

spraying.  An effort was made to inoculate plants late-afternoon to minimize moisture 

losses from evaporation, but this was not always possible.  Plants were not inoculated 

during periods with abnormally high daytime temperatures. 

 
 
   

 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.4  Aeciospore collection at CLNP (left) and P. racemosa inoculation at MRNP 
(right). 
 
 
 In early-July 2009, aeciospores were collected at CLNP from a cluster of diseased 

whitebark pine at Hillman Peak, and eight inoculation plots were established for three 

host species (ten plants per plot).  These species included Castilleja arachnoidea (4 

plots), Castilleja applegatei (2 plots) and Pedicularis groenlandica (2 plots).  In mid-July 

2009, aeciospores were collected from a cluster of diseased whitebark pine at Sunrise, 

and ten inoculation plots were established for five host species.  Two plots were installed 

for each species (ten plants per plot), which included Castilleja miniata, Castilleja 

parviflora, Pedicularis bracteosa, Pedicularis contorta and Pedicularis racemosa.  Plots 

at both sites were monitored every three to four weeks through September (Table 2.4).   
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Table 2.4  Locations and species monitored for inoculation study plots and aeciospore 
source trees.  Plots were established in early-July at CLNP and in mid-July at MRNP.   
 
Location Plot Species Lat/Long (hddd.ddddd°/WGS 84) Elevation (m) 
Mt. Rainier Inoc 1 C. miniata N46.91686 W121.65397 1964 

Inoc 2 C. parviflora N46.91545 W121.66052 1961 
Inoc 3 P. bracteosa N46.91484 W121.66284 1960 
Inoc 4 P. racemosa N46.91412 W121.66353 1958 
Inoc 5 C. parviflora N46.91223 W121.65486 1920 
Inoc 6 P. bracteosa N46.91254 W121.65570 1896 
Inoc 7 P. bracteosa N46.90959 W121.65690 1890 
Inoc 8 P. racemosa N46.91251 W121.65593 1902 
Inoc 9 P. bracteosa N46.91647 W121.65743 1928 
Inoc 10 C. miniata N46.91302 W121.64682 1889 
Source Tree Pinus albicaulis N46.91507 W121.65700 1925 

Crater Lake Inoc 1 C. applegatei N42.92012 W122.02895 2436 
Inoc 2 C. arachnoidea N42.93505 W122.04767 2400 
Inoc 3 C. arachnoidea N42.93043 W122.02853 2335 
Inoc 4 C. arachnoidea N42.96868 W122.14806 2260 
Inoc 5 C. arachnoidea N42.96214 W122.15622 2333 
Inoc 6 P. groenlandica N42.90316 W122.13812 2073 
Inoc 7 P. groenlandica N42.89263 W122.13075 1995 
Inoc 8 C. applegatei N42.88936 W122.08690 2217 
Source Tree Pinus albicaulis N42.94693 W122.16924 2335 

 
 

To verify the viability of aeciospores used to inoculate plants at MRNP and 

CLNP, vials that had been used to collect and store spores prior to inoculation were re-

capped and stored frozen.  At the end of the field season, Petri plates were prepared with 

Cornmeal Agar and Beta Sitosterol (CMAB), and vials were tapped such that aeciospores 

fell onto the media surface.  Aeciospores from all inoculation plots displayed high 

viability, and germination was observed within 30-45 hr at room temperature.  A 

hemocytometer was used to estimate the mean spore concentration of ten drops of spore 

suspension from both sites.  The spore suspensions used for this purpose were prepared in 

the laboratory after the field season.  These spores were collected at the same time as 

those used in the inoculation experiments at each site.  For MRNP, there were, on 

average, 154,000 spores/ml and for CLNP, there were, on average, 267,200 spores/ml 

(Fig 2.5).  It is likely that there was considerable within-site variability in spore 

concentration.  Spore quantity was visually estimated, and there may have been 

differences in the density of spores within vials and the quantity of contaminants, such as 

small pieces of peridia or bark.   
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Fig 2.5  Number of aeciospores per ml of spore suspension.  Prepared from 50 mg vials 
of aeciospores collected at MRNP and CLNP in 100 ml of water.  Ten drops of spore 
suspension were analyzed from each site using a hemocytometer.  The midline represents 
the median, the box limits represent the 25th and 75th quartiles, and the whiskers span 1.5 
x the interquartile range. 
 
 
Genetic Diagnostics  

 

 After signs of C. ribicola infection were confirmed through microscope 

examination of dry, stored specimens, extraction was used to isolate genetic material 

from at least one representative sample collected in each plot from each collection visit.  

If infection was detected on multiple species within a plot, DNA was isolated from each 

host species.  Polymerase chain reaction (PCR) diagnosis used methods developed by 

Winton and Hansen (2001), and primers developed by Gardes and Bruns (1993) and used 

by Vogler and Bruns (1998) for sequence amplification of pine stem rust fungi. 

DNA was extracted from infected leaves including host tissue.  Frequently less 

than 25 mm2 of infected plant tissue were used for extraction.  Dry tissue pieces were 

macerated in a Mini-Beadbeater (Biospec Products, Bartlesville, OK, USA), and 

incubated at 65° in 1.5 ml CTAB extraction buffer.  DNA was then purified by 

centrifugation in a 24:1 solution of chloroform to isoamyl alcohol.  The Qiagen Tissue 

Dneasy Extraction kit (Qiagen Inc., Valencia, CA, USA) was used in accordance to the 

manufacturers instructions.  

PCR was used to amplify DNA spanning the complete ITS1-5.8S-ITS2 (ITS) 

region of rRNA genes.  PCR was performed in multiplex reactions with primers ITS-1F 
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and ITS-4B, which are particularly suitable for amplifying Basidiomycete DNA from 

infected plant tissue because they are selective against plant and Ascomycete DNA 

sequences (Vogler and Bruns 1998).  PCR reactions were performed in a 53 µl solution, 

which contained 3 µl template DNA, 34 µl distilled H2O, 5 µl buffer, 4 µl of 2.5 mM 

dNTP, 2µl of 10 µM primers ITS-IF and ITS-4B, .5 µl of 5% blocking powder and 2.5 µl 

of RedTaq DNA polymerase (Sigma, St. Louis, Missouri).  Thermocycler reaction 

conditions were:  94C for 1 minute followed by 34 rounds of 94C for 1 minute, 55C for 1 

minute, and 72C for 1 minute, and final incubations at 72C for 7 minutes and 24C for 1 

minute.  A negative extraction control, negative PCR control and positive PCR control 

(Endocronartium harknessii ((J.P. Moore) Y. Hiratsuka)) were processed alongside 

samples of interest to detect potential contamination and verify reaction success.  The E. 

harknessii sample used for this purpose came from infected P. ponderosa from northern 

California (Norlander 2008).  Agarose gel-electrophoresis was used to separate PCR 

product in Trisborate-EDTA buffer (pH 8.6), which was visualized with ethidium 

bromide under ultra-violet light.  This technique was used to evaluate the concentration 

and quality of PCR product, and samples with relatively stronger signals were selected 

for single-stranded or double-stranded DNA sequencing.  To prepare PCR products for 

sequencing, 1 µl of EXOSAP-IT (USB, Cleveland, Ohio, USA) was added to samples 

and they were stored at room temperature overnight and then incubated in a thermocycler 

at 80 C for 15 minutes.  PCR product (1 to 2 µl) was combined with distilled water and 

primers ITS-1F or ITS-4B (1.2 µl) to yield 12 µl of total product.  Sequences were 

processed by CGRB Core Labs (OSU, Corvallis, OR, USA).   

Double-stranded sequences were obtained for at least one specimen of each non-

Ribes host species from each major site location (e.g. Mt. Rainier), whereas single-

stranded sequences were obtained on a finer scale.  Double-stranded sequencing was used 

for error correction, which was accomplished using the computing programs Pre-gap 4 

(Staden 1996) and Bioedit (Hall 1999).  The multiple alignment program ClustalX 

(Thompson et al. 1997) was used to compare and align resultant sequences with 

sequences of C. ribicola, C. coleosporioides and E. harknessii available through 

GenBank.  E. harknessii and C. coleosporioides specimens were also extracted and 

sequenced in the lab and included in the alignment. 
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Results 

 

Observational Study 

 

C. ribicola Infection on Telial Hosts 

 

 Most infected plants were detected within 0.5 to 15 m of the infected plot center 

tree, although the maximum distance at which infected plants were detected was 

approximately 25 m.  It was not possible to determine if infection had been initiated by 

aeciospores from the infected plot center tree, or from other infected pines inside or 

outside of the plot.  Infected plants were sometimes closer to infected pines other than the 

plot center tree. 

 

2008 Field Season (Table 2.5) 

 

At MRNP, C. ribicola infection was first detected on telial hosts in mid- 

September 2008.  Uredinia and telia were detected on at least six leaves of six P. 

racemosa plants in two plots and two R. howellii plants in one plot.  At the end of 

September, infection was discovered on five P. racemosa plants (3 new) and 11 leaves in 

a plot in which infection was previously recorded, and on four P. racemosa plants and 

eight leaves in two additional plots.  Microscope examination revealed the presence of 

uredinia and urediniospores, telia and basidia on infected P. racemosa leaves.  Infection 

was again detected on two Ribes plants, with multiple small telial lesions on a few 

infected leaves. 

At CLNP in 2008, telial infection was detected on one C. applegatei plant in 

early-September.  By the end of September, rust was widespread on R. erythrocarpum.  

Hundreds of infected leaves were collected in three plots, and additional infected leaves 

were also collected from Ribes outside of established plots.  
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Table 2.5  C. ribicola infection of telial hosts in observational study plots in 2008 with 
dates of detection.   
 

Location Plot Host Species 
Mean No. 

Plants 
Checked/Visit 

Infected 
Plants 

Infected 
Leaves Dates Detected 

Rainier Sunrise 2 P. racemosa 50 2 3 9/24/08 
Rainier Sunrise 3 P. racemosa 11 2 5 9/24/08 
Rainier Sunrise 5 P. racemosa 44 8 ≥16 9/14/08, 9/25/08 
Rainier Sunrise 10 P. racemosa 4 1 1 9/14/08 
Rainier Sunrise 9 R. howellii 5 3 16 9/15/08, 9/24/08 
Crater Lk Hillman 1 R. erythrocarpum N/A N/A 81 9/22/08 
Crater Lk Hillman 2 R. erythrocarpum N/A N/A 223 9/22/08 
Crater Lk Watchman C. applegatei 47 1 1 9/4/08 
 
 

2009 Field Season (Table 2.6)  

 

At MRNP, telial lesions were discovered on five leaves of two P. racemosa 

plants in one plot mid-August.  By the second week of September, infection was found 

on 28 leaves of nine P. racemosa plants in three plots, and microscope examination 

revealed that the spore stages present included uredinia and urediniospores, emerging 

telia, and telia with basidia.  At this time, two infected R. howellii leaves were collected 

from one plot.  When plots were visited the third week of September, infection was 

observed in two plots on 20 P. racemosa leaves of nine plants, two of which had been 

infected on the previous visit.  Small telial lesions were present on five R. howellii leaves 

of one previously infected plant. 

At Mt. Adams, one small telial lesion was observed on a single leaf of P. 

racemosa in one plot.  Infection was not found on numerous plants that had healthy 

foliage and were growing very close to sporulating cankers in several plots.  No infection 

was found when plots at Mt. Adams were revisited late-September, and substantial live 

foliage still remained on plants at this time. 

When sites were established at Mt. Hood in late-July and early-August, rust was 

detected in all four plots containing P. racemosa, on a total of 25 plants and 64 leaves.  

Microscope examination revealed that most specimens were infected with uredinial and 

telial lesions at this time.  When plots were revisited the third week of August, telial 
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lesions were detected on single leaves of C. parviflora (Fig 2.6) and C. miniata in 

separate plots.  The majority of C. parviflora had little or no live foliage at this time, but 

the infected individual was on a deeply shaded microsite and had healthy foliage and 

colored bracts.  Again, infected P. racemosa were discovered in four plots, with a total of 

35 plants (17 new) and 118 leaves.  Telial lesions were present on most infected leaves, 

and some leaves had heavy telial coverage (Fig 2.6).  Infection was also detected on two 

large, erect R. howellii shrubs, and approximately 100 leaves with small uredinial lesions 

were collected.  By mid-September, telial infection was detected on 46 P. racemosa 

plants (22 new) and 215 leaves.  Not all infected leaves were collected each visit, and 

uncollected leaves may have been recounted on return visits to plots.  Based on the 

number of leaves discovered and collected each visit, infection was found on at least 272 

unique P. racemosa leaves (and at most 397 leaves) at Mt. Hood.  By this final visit, 

infection had progressed to telia on R. howellii, and 100 additional leaves were collected.  

No infection was detected on C. hispida at Mt. Bachelor or C. arachnoidea at Tumalo 

Mtn. during the 2009 field season. 

 
 
 
 

 

 

 

 

 
 

 
Fig 2.6  P. racemosa (left) and C. parviflora (right) leaves infected with telial lesions of 
C. ribicola.  Collected from study sites at Mt. Hood 8/26/2009. 
 
 

At CLNP, infection was first detected during the second week of July, at which 

time one uredinial lesion was found on a single R. erythrocarpum leaf.  In the second 

week of August, uredinia, urediniospores and telia were detected on one C. arachnoidea 

leaf, but this infection was later confirmed as C. coleosporioides using molecular 
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diagnostic methods.  In early-September, ten leaves of two infected C. applegatei plants 

with telial lesions were discovered in a plot on Wizard Island.  These lesions were present 

on upper and lower leaf surfaces of many of the infected leaves.  At this time, infection 

was also detected on R. erythrocarpum in two plots, with small, uredinial lesions on 23 

leaves.  Ribes growing outside of established plots were also found to be infected.  

Detecting infection on Ribes leaves was difficult in many plots due to abundant 

discoloration from other damage agents, and no rust was found on R. erythrocarpum or 

R. viscosissimum when plots were revisited the third week of September.  It is likely that 

Ribes present outside of plots retained foliage that could support infection at this time.  

 
 
Table 2.6  C. ribicola infection of telial hosts in observational study plots in 2009 with 
dates of detection.  Species abbreviations:  Caap (C. applegatei), Cami (C. miniata), Capa 
(C. parviflora), Pera (P. racemosa), Rier (R. erythrocarpum), and Riho (R. howellii). 
 
Location Plot Host 

Species 
Mean No. Plants 

Checked/Visit 
Infected 
Plants 

Infected 
Leaves Dates Detected 

Rainier Sunrise 2 Pera 55 2 3 9/10/09, 9/24/09 
Rainier Sunrise 5 Pera 55 7 50 8/17/09, 9/10/09, 9/24/09 
Rainier Sunrise 7 Pera 65 1 4 9/09/09 
Rainier Sunrise 9 Riho 5 2 8 9/09/09, 9/24/09 
Adams Adams 2 Pera 44 1 1 9/11/09 
Mt. Hood Timber 1 Capa 53 1 1 8/24/09 
Mt. Hood Timberline Riho 2 1 200 8/24/09, 9/15/09 
Mt. Hood Timber 2 Cami 6 1 1 8/24/09 
Mt. Hood Timber 2 Pera 21 4 ≥80 7/28/09, 8/24/09, 9/15/09 
Mt. Hood Timber 3 Pera 55 14 ≥45 7/28/09, 8/24/09, 9/15/09 
Mt. Hood Timber 5 Pera 68 12 ≥19 8/06/09, 8/23/09, 9/15/09 
Mt. Hood Timber 6 Pera 69 30 ≥128 8/06/09, 8/23/09, 9/15/09 
Crater Lk Hillman 1 Rier N/A 1 3 9/04/09 
Crater Lk Hillman 2 Rier N/A 1 20 9/04/09 
Crater Lk West Rim 2 Rier N/A 1 1 7/09/09 
Crater Lk Wizard 2 Caap 51 2 10 9/03/09 
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Phenology of Aecial and Telial Hosts 

 

 Spore phenology on pine and developmental phenology of alternate hosts were 

tracked at MRNP (Fig 2.7) and CLNP (Fig 2.8) in 2008 and 2009, and at field sites in 

Central Oregon in 2009 (Fig 2.9).  Cronartium ribicola is an obligate parasite, unable to 

survive on dead host tissue; therefore, the timing of foliar growth and senescence relative 

to aeciospore dissemination is of great importance to the disease cycle.  Based on 

observations made on repeated visits to sites in 2008 and 2009, a continuous 

representation of phenology throughout field seasons is presented, although phenological 

progression between visits was inferred.  Spore phenology and alternate host 

development varied within and between sites, but the overall phenological status of host 

species observed across plots at major plot locations is summarized below. 
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Fig 2.7  Aecial & Telial Host Phenology at MRNP in 2008 & 2009.  Spore status on 
Pinus albicaulis:  1. Aecia visible, peridia mostly intact; 2. Peridia opened, spores 
dispersing; 3. Many spores have released, pycnia present; 4. Few or no spores remain.  
Status of telial hosts: 1. Plants recently emerged, early-flowering stage; 2. Plants healthy 
and in full flower; 3. Plants w/ immature fruit, live foliage remaining; 4. Plants releasing 
seed, little or no live foliage.  Vertical lines represent start dates of monitoring trips; ‘X’ 
indicates that infection was found on that species on that trip.  
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Fig 2.8  Aecial & Telial Host Phenology at CLNP in 2008 & 2009.  Spore status on 
Pinus albicaulis:  1. Aecia visible, peridia mostly intact; 2. Peridia opened, spores 
dispersing; 3. Many spores have released, pycnia present; 4. Few or no spores remain.  
Status of telial hosts: 1. Plants recently emerged, early-flowering stage; 2. Plants healthy 
and in full flower; 3. Plants w/ immature fruit, live foliage remaining; 4. Plants releasing 
seed, little or no live foliage.  Vertical lines represent start dates of monitoring trips; ‘X’ 
indicates that infection was found on that species on that trip.  
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Fig 2.9  Aecial & Telial Host Phenology in Central OR in 2009.  Spore status on Pinus 
albicaulis:  1. Aecia visible, peridia mostly intact; 2. Peridia opened, spores dispersing; 3. 
Many spores have released, pycnia present; 4. Few or no spores remain.  Status of telial 
hosts: 1. Plants recently emerged, early-flowering stage; 2. Plants healthy and in full 
flower; 3. Plants w/ immature fruit, live foliage remaining; 4. Plants releasing seed, little 
or no live foliage.  Vertical lines represent start dates of monitoring trips; ‘X’ indicates 
that infection was found on that species on that trip. 
 
 
Spore Phenology on Pine 

 

In 2008 and 2009, aecia were observed on pines on the earliest visits to sites.  In 

2008, aecia were first detected at CLNP June 26th and at MRNP on July 3rd, when snow 

was still abundant and herbaceous plants were emerging where snow had receded.  On 

these initial visits, the skin-like peridia that cover aecia were still intact, suggesting that 

aecial blisters had recently developed.  At MRNP, aecia were actively releasing 

aeciospores in early-August, and the majority of spores had been released by the end of 

the month.  Few or no aeciospores were observed in September.  At CLNP, peridia on 

infected pines were erupting to release aeciospores by the second week of July, and aecial 

blisters continued to release spores through July.  In mid-August, most aeciospores had 



41 
 

been released, and by early-September, residual aeciospores were restricted to bark 

crevices on most trees.  Few or no aeciospores were observed in late-September.  The 

prevalence of pycnia was not recorded in 2008. 

The first visit to MRNP in 2009 took place mid-July, at which time peridia were 

mostly intact, and aeciospores were abundant within aecial blisters.  Peridia were open 

and releasing aeciospores when sites were revisited mid-August, although there was 

considerable variation in the quantity of aeciospores remaining in blisters.  Pycnia were 

observed on many trees.  At this time, similar spore stages were observed on pines at Mt. 

Adams, which had not been previously visited.  By the second week of September, 

peridia had deteriorated on most blisters, few aeciospores remained in bark crevices, and 

pycnia were observed on most infected trees.  The status of infection on pines was similar 

when sites were revisited the last week of September, with few aeciospores noted. 

At Mt. Hood, aecia were detected on numerous trees June 26, 2009, although 

aecial blisters on some higher-elevation trees were still hidden beneath the bark.  Mt. 

Bachelor and Tumalo Mtn. were initially visited the first week of July, and intact aecial 

blisters were present on infected trees.  When Mt. Hood, Mt. Bachelor and Tumalo Mtn. 

were revisited late-July, most peridia had recently opened and many aeciospores 

remained within blisters.  By the third week of August, most peridia had deteriorated and 

the majority of aeciospores had been released.  Pycnia were observed on a small number 

of trees at Mt. Bachelor and Tumalo Mtn.  The final visit to these sites took place mid-

September, at which time aeciospores were restricted to deep bark crevices, and pycnia 

were observed on many infected trees. 

In 2009, Crater Lake was visited the second week of July, at which time most 

aecial blisters were intact or recently opened and still held a significant spore-load.  By 

mid-August, most peridia had deteriorated and the majority of spores had been released, 

although blisters on smaller branches tended to hold spores longer than bole cankers.  

Cankers with large initial spore loads retained spores later into the season than those with 

small initial spore loads.  Pycnia were observed on a small number of trees at this time.  

By early-September, aeciospores were limited to bark crevices, and pycnia was 

widespread.  The last visit to CLNP took place mid-September, at which time pycnia 

were still present on several trees and very few aeciospores were observed. 
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Alternate Host Phenology 

 

 Castilleja and Pedicularis are herbaceous, perennial plants.  The many species 

within these genera that grow in the whitebark pine zone are able to develop from below-

ground rootstock, flower, and set and release seed within the short alpine growing season.  

Their emergence from below ground is closely tied to the recession of snow, the timing 

of which can vary significantly, even between adjacent microsites.  The onset of 

senescence is also variable, depending on species, microsite, and pressure from 

mammalian grazers, insects and pathogens.  Ribes are shrubby, woody plants with a 

creeping or erect growth habit.  The timing of foliar senescence of Ribes varies between 

species, sites and years, particularly due to differences in insect grazing pressure and sun 

exposure. 

 

2008 Field Season 

 

 In 2008, snow was plentiful at MRNP in early-July, so the park was not revisited 

until early-August.  By this time, C. miniata, C. parviflora, P. bracteosa, P. contorta, P. 

racemosa and P. rainierensis were healthy and fully flowering, although P. racemosa on 

shaded microsites were just beginning to flower.  When plots were established in mid- 

and late-August, mammalian herbivory, powdery mildew and aphid damage were 

observed on C. parviflora, P. bracteosa and P. racemosa.  Powdery mildew infection and 

aphid damage were particularly common on P. bracteosa and C. parviflora, respectively, 

and most plants of these species were releasing seed by late-August.  In mid-September, 

most P. bracteosa had powdery mildew infection or dry, crumbling foliage that made 

them unable to support rust.  Castilleja parviflora were also senesced and releasing seed 

at most sites; however, plants at some sites had immature seed capsules and retained 

healthy foliage.  Although P. contorta had set seed, the numerous basal leaves of most 

plants appeared healthy.  Rust infection on these leaves would have been extremely 

difficult to detect due to their small size and highly-dissected shape.  Castilleja miniata 

showed within-plot variation in development, with many plants still in flower while 

others had released seed and were senescing.  On this mid-September visit, infection was 
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detected on P. racemosa and R. howellii.  A small number of P. racemosa were still in 

flower, and several plants on shaded microsites were moderately infected with powdery 

mildew.  By the end of September, Castilleja and Pedicularis had little or no live foliage 

and had released seed, and rust infection was again detected on P. racemosa and Ribes. 

At CLNP in 2008, Castilleja plants were emerging between snowdrifts at the end 

of June.  Following snowmelt in early-July, C. arachnoidea and C. applegatei rapidly 

developed colored bracts and flowers, and most were healthy and in full bloom by the 

end of the month.  Ribes erythrocarpum, the most widespread and abundant Ribes in 

whitebark pine communities at CLNP, began flowering in late-June and early-July.  By 

mid-August, bracts of C. arachnoidea were generally dull and foliage had started to 

senesce in several plots, and R. erythrocarpum fruit had begun to develop.  In early-

September, a range of developmental stages were observed on C. arachnoidea and C. 

applegatei within and between plots, and C. ribicola-infection was detected on C. 

applegatei.  Some plots contained many plants with flowers or immature capsules and 

green foliage, whereas plants in other plots had set and released seed and had little live 

foliage.  Ribes erythrocarpum fruits were ripening and plants were generally healthy, 

with minimal damage from biotic and abiotic agents recorded at most sites.  By the end 

of September, nearly all Castilleja were senesced and unable to support rust, but rust was 

common on R. erythrocarpum.  Ribes viscosissimum was present and abundant in only 

one plot, but was heavily damaged by aphid-feeding and sunscald by mid-August.  

Damage to this species worsened through the end of September. 

 

2009 Field Season 

 

In 2009, MRNP was initially visited in mid-July.  At this time, most species were 

in the early-flowering stage, and damage from insects and powdery mildew was 

insignificant.  By mid-August, C. miniata were robust and in full flower, and some had 

begun to set seed.  Castilleja parviflora, P. bracteosa and P. contorta had immature 

capsules or were beginning to release seed.  Dull bracts, aphid damage, powdery mildew 

infection and chlorotic foliage were observed on C. parviflora.  Pedicularis bracteosa 

also appeared unhealthy, with many flower-heads grazed and moderate to heavy powdery 
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mildew infection on most plants (Fig 2.10).  On this visit, rust infection was observed on 

P. racemosa, and most plants of this species were still flowering or had immature 

capsules.  By the second week of September, C. parviflora and P. bracteosa were unable 

to support rust infection.  Pedicularis contorta retained some healthy basal leaves, 

although, as previously stated, rust would be difficult to detect on this species.  At this 

time, infection was found on P. racemosa and R. howellii.  When plots were last visited 

the third week of September, P. racemosa and R. howellii were the only species 

monitored, and, again, infection was detected on both species.  Insect damage, powdery 

mildew and senescent, shedding leaves were observed on plants in many plots, and nearly 

all plants had released seed.   

 
 
 
 
 
 
 
 
 
 
 

 

 

Fig 2.10  P. bracteosa leaves infected with powdery mildew at MRNP.  Photographed 
8/20/2009. 

 
 
In 2009, Mt. Adams was visited the third week of August, at which time P. 

racemosa were very healthy.  Plants were in the late-flowering stage or had immature 

capsules, and no infection was detected.  In mid-September, P. racemosa were healthy 

and setting seed, and infection was observed on one plant.  By the end of September, P. 

racemosa still had live foliage, although many plants had chlorotic and dropping leaves, 

and no infection was detected. 

Plants were emerging between snowdrifts at field sites in central Oregon at the 

end of June.  When sites were established at Mt. Hood, Mt. Bachelor and Tumalo Mtn. in 
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late-July and early-August, Castilleja were in full-flower, and some had begun to set 

seed.  Aphid populations were particularly large on C. parviflora at Mt. Hood and C. 

hispida at Mt. Bachelor.  Aphids were observed on 25% to nearly all Castilleja plants in 

plots at these locations, and heavy aphid-feeding may have contributed to early-

senescence of some plants (Fig 2.11).  Pedicularis racemosa were healthy and in flower 

at Mt. Hood in late-July, and rust was detected on this species on each return visit.  By 

the third week of August, most C. parviflora had senesced and were releasing seed, while 

C. miniata were comparatively healthy, with colored bracts still present on some flowers.  

Infection was observed on C. miniata, C. parviflora, P. racemosa and R. howellii at Mt. 

Hood on this visit.  Castilleja at Mt. Bachelor and Tumalo Mtn. had dull or colored bracts 

and immature capsules, and appeared healthy despite widespread aphid feeding at Mt. 

Bachelor.  The last visit to these sites occurred mid-September, at which time Castilleja 

at all sites had released seed and retained little or no green foliage.  At Mt. Hood, 

infection was again detected on P. racemosa and R. howellii.   

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Fig 2.11  Aphid-infested C. parviflora plants at Mt. Hood with dull bracts (left) and 
damaged leaves (right).  Photographed 8/06/2009. 

 
 
When sites at CLNP were initially visited during the second week of July, C. 

arachnoidea plants had recently emerged and were beginning to flower.  At most sites, C. 

applegatei were in full bloom and R. erythrocarpum were in bud or flower.  One infected 

R. erythrocarpum leaf was found at this time.  By the second week of August, C. 
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arachnoidea were generally healthy and in full-flower, with minimal aphid damage and 

grazing observed.  However, C. arachnoidea at some sites had begun to senesce and 

displayed significant damage from an abundant piercing-sucking insect from the order 

Hemiptera, and feeding was observed.  Castilleja applegatei ranged from the late-

flowering stage to the seed-release stage, and foliar senescence was more pronounced on 

exposed sites and microsites.  Abundant sunscald and insect damage had caused 

significant leaf discoloration of R. erythrocarpum (Fig 2.12), which were fruiting with 

immature to ripe berries.  At this time, R. viscosissimum was heavily damaged by insect 

feeding, with very little live foliage.  By early-September, C. arachnoidea had released 

seed, and few plants remained with live foliage that could support rust (Fig 2.12).  

Castilleja applegatei were senescing and releasing seed, but infection was detected on 

this species at Wizard Island.  Infection was also found on R. erythrocarpum, although 

abundant discoloration from other damage agents, including insect feeding and sunscald, 

made for difficult rust detection.  No rust was found on Ribes when plots were revisited 

the third week of September, and by this time little live foliage remained on C. applegatei 

plants. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.12  Senesced C. arachnoidea plants with little live foliage (left two photos) and 
damaged R. erythrocarpum leaves (right) at CLNP.  Plants not infected.  Photographed 
September 2008 & 2009 and 9/04/2009 (left to right). 
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Field Inoculation  

 

 Overall, the incidence of C. ribicola infection on inoculated plants at MRNP and 

CLNP was low relative to the number of naturally-infected plants discovered through 

field observation (Table 2.7).  Field inoculation resulted in the highest incidence of 

infection on P. racemosa at MRNP and P. groenlandica at CLNP (both 45%).  At 

MRNP, P. bracteosa and P. racemosa became infected, while no infection was detected 

on C. miniata, C. parviflora and P. contorta.  Two species, C. arachnoidea and P. 

bracteosa, became infected through field inoculation, but were not found to be naturally-

infected in observational study plots.  While infection did not develop on inoculated C. 

miniata or C. parviflora at MRNP, these species were naturally-infected at Mt. Hood.  At 

CLNP, infection was detected on all inoculated species, which included C. arachnoidea, 

C. applegatei and P. groenlandica.   

 

Table 2.7  C. ribicola infection on telial hosts in inoculation study plots in 2009 with 
dates of detection.  Plots in which no infection was detected are excluded.  Ten plants 
were inoculated in each plot, and at least two plots were established per species.  All 
inoculation plots were established 7/7-16/2009. 

 
Location Plot Host Species Infected 

Plants 
Infected 
Leaves Dates Detected Spore Stages 

MRNP Inoc 4 P. racemosa 2 2 9/09/09 Uredinia, Telia, 
Basida 

MRNP Inoc 6 P. bracteosa 1 1 9/10/09 Telia 

MRNP Inoc 8 P. racemosa 7 72 8/16/09, 9/09/09 Telia, Basida 

CLNP Inoc 4 C. arachnoidea 3 12 8/11/09, 9/03/09, 9/16/09 Telia (rare 
uredinia) 

CLNP Inoc 6 P. groenlandica 9 65 8/13/09, 9/04/09 Telia 

CLNP Inoc 8 C. applegatei 1 1 9/04/09 Telia 

 
 

At MRNP, C. ribicola infection was first detected on P. racemosa in mid-August, 

at which time uredinia and urediniospores were discovered on five infected leaves on 

three plants in one plot.  By the second week of September, seven plants in this plot were 

infected, and a total of 67 infected leaves were detected.  Uredinial and telial lesions were 

present at this time, and some leaves were heavily infected and had multiple lesions.  
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Two infected leaves of two plants were found in the other P. racemosa inoculation plot at 

this time, both with telial lesions with germinating basidia.  Pedicularis racemosa in both 

plots were releasing seed and retained healthy foliage.  In total, nine out of 20 inoculated 

P. racemosa plants became infected at MRNP.   

P. bracteosa was the only other inoculated species at MRNP that developed C. 

ribicola infection, and just one leaf of one plant was discovered with a very small telial 

lesion during the second week of September.  At this time, foliage on most plants was 

senesced or absent, and capsules were open to release seed.  No infection was detected in 

the other P. bracteosa plot, in which heavy powdery mildew infection and aphid-feeding 

were observed in August and September.  Castilleja parviflora did not become infected, 

and had little or no live foliage by early-September.  Castilleja miniata senesced 

somewhat later than C. parviflora, but no infection was detected on this species.  

Similarly, no infection was observed on P. contorta, which retained healthy, albeit 

chlorotic, basal leaves through September.  

At CLNP, three out of 40 C. arachnoidea plants inoculated across four plots 

became infected with C. ribicola, and all infected plants were found in the same plot.  

Orange lesions without defined spore structure and telia were the most common signs 

observed.  Uredinia and urediniospores were noted on one C. arachnoidea specimen from 

this plot, but were not detected on any other Castilleja specimens collected during the 

field season.  The detection of urediniospores on this field-inoculated specimen provides 

evidence that, although seldom observed, C. ribicola occasionally produces this repeating 

spore stage on Castilleja (Fig 2.13).  
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Fig 2.13  Uredinial lesion with some emerging telia on a C. arachnoidea leaf.  Specimen 
collected from Inoculation Plot 4 at CLNP.  Specimen collected 8/11/2009. 
 
 

Of twenty P. groenlandica plants inoculated across two plots at CLNP, infection 

was detected on eight out of ten plants and 31 leaves in one plot in mid-August.  By 

early-September, infection was observed on nine of the ten plants and at least 34 

additional leaves.  Heavy telial coverage was observed on infected leaves, and few 

urediniospores were noted.  No infection was detected on the ten P. groenlandica plants 

in the other plot.  Cronartium ribicola was discovered on one out of 20 inoculated C. 

applegatei plants, and the infected leaf specimen was collected early-September.   

Many inoculated C. arachnoidea and C. applegatei at CLNP were senesced and 

unable to support rust by the first week of September.  One of the two C. applegatei 

plots, located on a dry, southwest slope, was removed mid-August because plants were 

very dry with little live foliage.  Most C. arachnoidea plants were senesced and dropping 

leaves by early-September, and few plants retained any live foliage by the end of 

September.  Pedicularis groenlandica, which grows in wet drainages below the rim of 

Crater Lake, retained live foliage through the end of September.  
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Genetic Diagnostics 

 

 Genetic sequences from infected field specimens spanned the ITS-5.8S-ITS2 

region of DNA coding for rRNA genes (Fig 2.14).  Nearly all sequenced specimens 

collected during the 2008 and 2009 field seasons were confirmed as C. ribicola through 

extraction, PCR and genetic sequencing, and matched reference sequences available 

through GenBank (Fig 2.15).  The exception to this was one specimen collected from 

CLNP during the second week of August 2009, which matched reference sequences for 

C. coleosporioides on Castilleja (accession number L76513, Vogler and Bruns 1998).  

This specimen came from a plot on the west rim of Crater Lake in which lodgepole pine 

and whitebark pine were both present.  The whitebark pine plot center tree for this plot 

was no longer actively sporulating in 2009, but actively infected whitebark pines were 

observed within 150m of the plot.  Stalactiform rust was not noted on lodgepole pine, 

although this species was not carefully surveyed.  Only the ITS-1F strand was used from 

the collected specimen in this comparison, because, although indels were present in both 

strands, they were located at a position on the ITS-4B strand that made the sequence 

unusable.  This specimen was compared to the GenBank reference sequence, and to the 

double-stranded sequence of a C. coleosporioides specimen on Castilleja from the 

Oregon State Mycological Herbarium (specimen reference number 30,708).   

There was one base-pair difference that was consistently found between single-

and double-stranded sequences of C. ribicola.  This apparent additional base on the ITS-

IF strand (position 17 in reference sequence L76499, Vogler and Bruns 1998) was always 

dropped from the consensus sequence because it was not present at the corresponding 

position on the ITS-4B strand.  However, when sequences were compared, this base was 

not included in the alignment because several sequences started farther downstream.  The 

single-stranded sequences of C. ribicola differed from single- and double-stranded 

sequences of C. coleosporioides, and from double-stranded sequences of Endocronartium 

harknessii (accession number L76510, Vogler and Bruns 1998).  Specimens for which a 

single-stranded sequence was obtained are labeled in the dendrogram.  Infected 

specimens, of the same species and plots as those extracted, sequenced and included in 

the alignment, are stored in the OSU (OSC) Mycological Herbarium (Table 2.8).  Three 
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sequences of C. ribicola that were used in the alignment have been submitted to 

GenBank (Table 2.9). 

 One C. miniata leaf from a plant that was inoculated at MRNP in 2009 was 

confirmed to be infected with another fungal species.  The closest matching reference 

sequence was a species in the genus Entyloma (AY081020, Begerow et al. 2002), which 

differed from our sequence by eight base pairs.  This leaf specimen had a pale lesion, but 

did not have spore structures associated with C. ribicola. In growth chamber inoculation 

experiments conducted at OSU, Castilleja frequently displayed pale discoloration as the 

earliest symptom of successful infection (Chapter 3), so it was hypothesized that this 

might also be an early disease symptom in the field.  These results demonstrate that pale 

lesions are not diagnostic of C. ribicola-infection of Castilleja in the field.  All other 

sequenced specimens had orange lesions or spore structures associated with Cronartium 

species.   

 
 
Fig 2.14  ITS region of DNA.  Sequences from C. ribicola are 780 base pairs in length 
and span DNA from the ITS1-5.8S-ITS2 region coding for rRNA genes, and also include 
partial sequences from the 18S and 26S rRNA genes that flank this region.  The positions 
of nucleotide bases relative to gene and internal transcribed spacer regions are shown.  
The genetic alignment included 605 of the 780 bases.   
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Fig 2.15  Genetic alignment of sequences from telial hosts collected in 2008 & 2009 from 
study sites in the OR and WA Cascade Range.  Sequences spanned DNA from the ITS1-
5.8S-ITS2 region between primers ITS-1F and ITS-4B, and were 605 base pairs in 
length.  Specimens from the same location are grouped together.  Specimens for which 
single-stranded sequences were used are labeled; all other sequences are double-stranded.  
Alignment created using the program ClustalX. 
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Table 2.8  OSU (OSC) Herbarium storage information for infected specimens from plots 
and species included in dendrogram.  Specimens not listed were used-up in extraction. 
  
Location Plot Host Species Herbarium Packet 
Mt. Rainier Sunrise 2 P. racemosa RM 371 
Mt. Rainier Inoculation 4 P. racemosa RM 355 
Mt. Rainier Sunrise 5 P. racemosa RM 115, 151, 334, 359, 372 
Mt. Rainier Sunrise 7 P. racemosa RM 353 
Mt. Rainier Sunrise 9 R. howellii RM 72, 73, 118, 373 
Mt. Hood Timber 2 P. racemosa RM 319, 320, 342, 364, 381 
Mt. Hood Timber 5 P. racemosa RM 322, 336, 366 
Mt. Hood Timber 6 P. racemosa RM 323, 337, 367 
Mt. Hood Timberline R. howellii RM 309, 312, 313, 339, 373, 378, 379 
Crater Lake Wizard 2 C. applegatei RM 345 
Crater Lake Inoculation 4 C. arachnoidea RM 325, 346 
Crater Lake Hillman 1 R. erythrocarpum RM 134, 349 
Crater Lake Inoculation 6 P. groenlandica RM 326, 327, 328, 351 
 
 
Table 2.9  GenBank accession numbers.  Submitted sequences of C. ribicola are 780 base 
pairs in length and span DNA from the ITS1-5.8S-ITS2 region between primers ITS-1F 
and ITS-4B coding for rRNA genes, and also include partial sequences from the 18S and 
26S rRNA genes that flank this region.   
 
Location  Plot Host Species GenBank Accession No. 
Mt. Hood Timber 2 C. miniata GU727730 
Crater Lake Wizard 2 C. applegatei GU727731 
Mt. Rainier Sunrise 7 P. racemosa GU727732 
 

 

Discussion 

 

Observational Study 

 

 Field observation resulted in successful detection of C. ribicola infection on 

Castilleja and Pedicularis in whitebark pine ecosystems of the Cascade Range (Tables 

2.5 and 2.6).  Species within these genera found to be susceptible to C. ribicola infection 

under natural conditions included P. racemosa at MRNP, Mt. Adams and Mt. Hood, C. 

miniata and C. parviflora at Mt. Hood, and C. applegatei at CLNP.  The highest 

incidence of infection was detected on P. racemosa.  Of the species monitored in the 

observational study, infection was never observed on C. hispida, C. arachnoidea, P. 
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bracteosa or P. contorta, although some of these species became infected through field 

inoculation.  

 Phenology observations provided evidence that the concurrence of aeciospore 

dissemination and the emergence and growth of telial host foliage is sufficient for C. 

ribicola to complete its lifecycle within high-elevation ecosystems (Figures 2.7, 2.8 and 

2.9).  This was supported by the detection of infection on Castilleja, Pedicularis and 

Ribes growing close to infected pines.  Telia and basidia were observed on infected 

specimens collected from the field, but basidiospores from these hosts were not used to 

inoculate whitebark pine to demonstrate that infection could occur.  However, researchers 

at the Rocky Mountain Research Station in Moscow, Idaho conducted this type of 

verification by successfully inoculating western white pine seedlings using C. ribicola 

basidiospores produced on Castilleja and Pedicularis (McDonald et al. 2006).  This 

suggests that C. ribicola basidiospores produced on Castilleja, Pedicularis and Ribes in 

whitebark pine ecosystems of the Cascade Range have the capacity to infect proximate 

whitebark pine.  The phenology of C. ribicola in high-elevation whitebark pine stands 

implies that basidiospore inputs from lower elevation are not necessary for C. ribicola to 

complete its lifecycle when susceptible hosts are present and environmental conditions 

are conducive for infection.  However, infected telial hosts were not detected in all 

whitebark pine stands monitored in this study.  This may indicate that basidiospores are 

moving from offsite to infect these pines; that telial hosts are sporadically infected when 

conditions are favorable; or that infected telial hosts in these stands were overlooked. 

The relatively early senescence of some telial host species observed in this study, 

particularly Castilleja and P. bracteosa, may make them less suitable hosts for C. 

ribicola.  There is inter- and intra-specific variability in the onset of senescence, which 

can fluctuate depending on microsite, environmental conditions, and pressure from 

insects and pathogens.  Field observations provided numerous examples of the potential 

ways in which abiotic and biotic factors influence telial host senescence and C. ribicola 

infection.  Infected Castilleja tended to occupy microsites with less sun and wind 

exposure, and were often developmentally behind other individuals of the same 

population.  In addition to delaying foliar senescence, these protected sites may have also 

provided a more conducive infection environment.  In addition, infection was not 
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naturally detected on P. bracteosa at MRNP, where it senesced early in the growing 

season and was heavily infected with powdery mildew.  However, infection has been 

observed on P. bracteosa in northern Idaho (Zambino et al. 2007), and successful field 

inoculation at MRNP verified that this species is susceptible to C. ribicola in the Cascade 

Range.  Ribes species at CLNP provide another example.  In 2009, R. erythrocarpum 

experienced significantly more damage from sunscald and insect-feeding than in 2008, 

which was correlated with a decrease in the amount of infection found on this host 

species in 2009.  Ribes viscosissimum at CLNP was heavily damaged by aphids in both 

2008 and 2009, and this may be one reason that rust failed to develop on this host.    

 Senescence is not the only factor affecting the susceptibility of alternate host 

species.  Environmental conditions, especially relative humidity, leaf wetness and 

temperature, play a critical role in infection (Doran 1922; Mieke 1943).  More infection 

was observed on P. racemosa than on any other Castilleja or Pedicularis species, and the 

highest incidence of infection on this host was detected at Mt. Hood.  Pedicularis 

racemosa was also abundant in whitebark pine stands on the south slopes of Mt. Adams, 

where actively-infected pines were growing close to P. racemosa plants that retained live 

foliage through late-September.  However, many P. racemosa growing directly beneath 

sporulating cankers at Mt. Adams failed to become infected, and only one infected leaf 

was detected in 2009.  There were important environmental differences between sites at 

Mt. Adams and Mt. Hood, particularly with regard to precipitation and temperature 

during the growing season (Table 2.1).  Less rainfall and warmer mean high temperatures 

at Mt. Adams may have provided inadequate conditions for infection to occur on this 

susceptible host species.  Even though infection conditions at Mt. Adams were not 

conducive during the 2009 season, there is annual variation in climate, and more 

infection might be observed on P. racemosa at this site during a wetter, cooler year.   

 The earliest infection of telial hosts in high-elevation ecosystems was observed in 

early-July 2009 on R. erythrocarpum at Crater Lake.  All other infection was detected 

from late-July to mid-September.  This suggests that there is a long period over which 

aeciospores are dispersing and healthy telial host tissue is available.  Under favorable 

conditions, signs of infection are visible on Ribes within 13 to 15 days of inoculation 

(Mielke 1943).  The fact that infection of telial hosts lagged aeciospore dispersal by 
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several weeks or more suggests that warm and dry conditions during the height of 

summer may provide an unfavorable infection environment, or that infection is present at 

undetectable levels earlier in the season. 

 In addition to differences in host phenology and environment, it is likely that host 

physiology also influences the susceptibility and epidemiological importance of telial 

hosts.  In the observational study, few Castilleja plants were infected per plot, and 

infection tended to occur on one or a few leaves.  This low incidence of infection may be 

related to the fact that uredinia and urediniospores were rarely observed on Castilleja, 

which suggests that that this repeating spore stage is often abbreviated or bypassed on 

this host genus.  Infection development on Castilleja inoculated with C. ribicola in 

growth chamber experiments also supports this finding (Hiratsuka and Maruyama 1976; 

McDonald et al. 2006).  In inoculation experiments conducted at OSU, telia were usually 

preceded by the development of pale orange lesions that did not produce urediniospores 

(Chapter 3).  Telia were sometimes observed protruding from abaxial and adaxial leaf 

surfaces of naturally-infected and inoculated Castilleja, which illustrates another 

difference in the way infection is expressed on this host.    

 A reduction in urediniospore production on Castilleja compared with other 

alternate host genera may considerably reduce inoculum build-up on this host, and likely 

influences the size, frequency and detectability of infection.  It is possible that senescence 

chemicals within the plant trigger C. ribicola to rapidly progress to telia as an adaptive 

trait, but verification of this claim would require further experimentation.  A signaling 

pathway induced by senescence molecules, such as ethylene, might increase the 

likelihood that basidiospores could be formed before host plant foliage has fully-

senesced.  Abundant urediniospores were produced by C. coleosporioides on the 

Castilleja arachnoidea specimen collected at CLNP.  Although molecular diagnostic 

methods are the only reliable means of differentiating between C. ribicola and C. 

coleosporioides on telial hosts, the presence of urediniospores might serve as an initial 

means of distinguishing between these Cronartium species on Castilleja in the field.   

 Preliminary results suggest that P. racemosa is more susceptible to C. ribicola 

infection than are Castilleja species, and that P. racemosa may be more important 

epidemiologically because of urediniospore production.  Pedicularis racemosa is 
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generally associated with moist, shaded microsites, which may provide a more conducive 

infection environment compared to those of open-grown telial hosts.  A quantitative 

approach, which measures infected leaf area and inoculum production, is necessary to 

adequately evaluate differences in susceptibility of these newly recognized hosts.  It will 

be important to continue monitoring these species at multiple sites across several years to 

assess differences in susceptibility across space and time.  Infected leaf specimens 

collected from field and observational study plots that were not used-up in biochemical 

analysis are currently stored in the Mycological Herbarium at OSU (OSC), and might be 

useful in quantifying lesions size and telial production.  Leaves collected from separate 

plants of the same species within a plot were frequently stored together in herbarium 

packets, and 50 packets from the 2008 and 2009 field seasons are archived at OSU 

(Appendix B).   

 An additional factor that may impact the relative importance of these hosts in 

whitebark pine stands is the prevalence of Ribes.  At CLNP, for example, R. 

erythrocarpum is abundant at high-elevations, especially on the west rim of Crater Lake.  

Although Castilleja is also widespread, it is probable that a small proportion of the total 

basidiospore inoculum is produced on this genus.  In contrast, Ribes were uncommon in 

whitebark pine stands monitored at MRNP.  Although a few infected Ribes leaves were 

detected at one location, it is probable that this genus represents an insignificant source of 

inoculum within high-elevation ecosystems at MRNP compared to P. racemosa.  At Mt. 

Hood, large R. howellii shrubs were present and became infected with C. ribicola, but 

were scarce in the subalpine zone.  A large number of infected leaves (200) were detected 

on just two R. howellii shrubs, which is not dramatically lower than the number of leaves 

collected from 60 infected P. racemosa plants at Mt. Hood (272-397 leaves, Table 2.6).  

However, infection was both widespread and abundant on P. racemosa at Mt. Hood.  It is 

probable that the broader distribution of infection on P. racemosa compared to Ribes 

makes P. racemosa a more important source of basidiospore inoculum than Ribes on sites 

at Mt. Hood.    
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Field Inoculations 

  

 Field inoculations resulted in successful infection of P. racemosa and P. 

bracteosa at MRNP, and C. arachnoidea, C. applegatei and P. groenlandica at CLNP 

(Table 2.7).  Species that became infected through field inoculation, but were never found 

to be naturally-infected, include C. arachnoidea, P. bracteosa and P. groenlandica.  In 

contrast, C. miniata and C. parviflora were two species that were naturally-infected, but 

did not become infected through field inoculation.  Field inoculation allowed for the 

detection of susceptible hosts that would have been overlooked through field observation 

alone.  Overall inoculation success was low and was also site specific.  For example, all 

nine P. groenlandica plants that became infected at CLNP were present in one plot, and 

no infection occurred in the other inoculation plot for this species.  Similarly, the three 

infected C. arachnoidea plants at CLNP were restricted to one of four inoculation plots.   

 Inoculation sites were selected haphazardly in early-July, and it is possible that 

selection was biased toward sites on which plants were already fully-flowering and, 

consequently, more conspicuous.  Plants that were already flowering at this time may 

have been on exposed sites with high solar loads that would have allowed for earlier 

snowmelt and plant development.  Therefore, these plants may have been prone to earlier 

senescence and may also have experienced relatively higher rates of evapotranspiration 

and leaf-drying conditions.  These factors could have contributed to the low incidence or 

complete lack of successful infection of many species shown to be susceptible to C. 

ribicola on other sites or in growth chamber inoculation experiments. 

 Inoculation procedures may have also impacted inoculation success.  In growth 

chamber inoculation experiments conducted at OSU during spring 2009, four species of 

Castilleja were successfully infected and the overall infection incidence was 62% 

(Chapter 3).  In this experiment, inoculated plants were enclosed in plastic bags for 72 hr 

post-inoculation to maintain high relative humidity.  This method was not incorporated 

into the field protocol because it was believed to be too drastic of a modification to the 

infection environment.  However, high evaporation rates and temperatures on some sites 

at the time of inoculation may have precluded infection.   
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 It is not possible to identify which, if any, of these circumstances were 

responsible for the low levels of successful infection in the field inoculation experiment, 

but these results demonstrate that, even when a pathogen is known to be virulent, a 

delicate balance between host susceptibility and environmental favorability must be 

achieved for disease to occur.  More careful and truly random site selection may aid in 

field evaluations of host susceptibility.  It would also be interesting to investigate within-

species variation in susceptibility depending on developmental stage at the time of 

inoculation.  This could be accomplished by staggering inoculations throughout the 

growing season, or by simultaneously inoculating plants at different developmental 

stages. 

 

Genetic Diagnostics 

 

 Extraction, PCR and genetic sequencing methods provided an efficient means of 

identifying and differentiating between C. ribicola, C. coleosporioides, E. harknessii and 

other Basidiomycetes.  Extraction and PCR methods allowed for the amplification of 

DNA from small samples of infected host tissue.  Primers ITS-1F and ITS-4B were 

particularly suitable for this study because they discriminate against plant and 

Ascomycete DNA.  Although double-stranded sequences are important for error-

correction, single-stranded sequences of C. ribicola and C. coleosporioides could be 

readily distinguished.  Double-stranded sequences were obtained for at least one 

specimen of each infected species from all major site locations (Fig 2.15, Appendix B). 

 

 

Conclusion 

 

 This study confirmed that species of Castilleja and Pedicularis in whitebark pine 

ecosystems of the Oregon and Washington Cascade Range are susceptible to local 

populations of C. ribicola.  Natural infection of multiple species within these genera was 

present at levels that could be detected within the scope of this study, and field 

inoculation allowed for the identification of additional susceptible species.  Monitoring 
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spore phenology of C. ribicola and foliar development of telial hosts provided evidence 

that there is sufficient time for C. ribicola to complete its lifecycle within high-elevation 

whitebark pine stands. 

 Some susceptible host species are particularly vulnerable to senescence earlier in 

the growing season, and this may reduce their capacity to support infection.  The relative 

importance of these hosts is difficult to assess after only two years of observation, as 

dynamics influencing host susceptibility vary between years.  Abiotic and biotic factors 

undoubtedly play a critical role in infection and senescence of telial hosts.  Castilleja was 

prone to early-senescence, and C. ribicola displayed a reduction in urediniospore 

production on this genus.  The highest incidence of infection was detected on P. 

racemosa, and this species was most heavily infected at Mt. Hood. 

 Continued observation will be required to evaluate the importance of these newly 

recognized hosts to the disease cycle in whitebark pine ecosystems.  The role of these 

hosts in lower-elevation stands containing other pine species susceptible to C. ribicola 

warrants investigation.  Information on the relative susceptibility of Castilleja and 

Pedicularis species, and the conditions under which they are prone to infection, can be 

incorporated into rust hazard assessments.  This knowledge may help resource managers 

to prioritize sites for whitebark pine restoration, and aid our efforts to protect this 

ecologically-valuable species and the communities that it supports.                                                   
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Susceptibility to Cronartium ribicola of four Castilleja sp. from Whitebark Pine 
Ecosystems of the Cascade Range Confirmed through Growth Chamber Inoculation 
 

 

Introduction 

 

White pine blister rust (WPBR) is a non-native disease of five-needled pines 

(subsection Strobus) that is caused by the macrocyclic, heteroecious rust fungus 

Cronartium ribicola J.C. Fisch. (Basidiomycota, Uredinales).  Cronartium ribicola is an 

obligate parasite that creates perennial cankers on the bole and branches of susceptible 

pines.  These cankers can cause the death of branches, topkill, or direct tree mortality 

when the main stem is girdled, and the loss of cone-bearing branches reduces the 

reproductive output of infected pines (Arno 2001).  Like other heteroecious pine stem 

rusts, C. ribicola must complete a portion of its lifecycle on the foliage of another type of 

plant called an alternate, or telial, host.  For more than a century, it has been understood 

that currants and gooseberries in the genus Ribes (family Grossulariaceae) serve as 

alternate hosts for C. ribicola (Zhang et al. 2010 in press).  However, it has recently been 

demonstrated that C. ribicola is also able to complete the telial stage of its lifecycle on 

Castilleja and Pedicularis species (family Orobanchaceae) in North America (McDonald 

et al. 2006; Richardson et al. 2007; Zambino et al. 2007).  The purpose of this study was 

to evaluate the susceptibility of several species of Castilleja native to high-elevation 

whitebark pine ecosystems of the Pacific Northwest to C. ribicola. 

Although its exact place of origin is still unknown, C. ribicola is believed to be 

native to Asia.  Cronartium ribicola was initially introduced to western North America in 

1910 through Vancouver, British Columbia on a shipment of infected eastern white pine 

seedlings from France.  Multiple separate introductions are thought to have occurred in 

the eastern United States, where it was first discovered on cultivated currants in 1906 

(Mielke 1943; Hunt 2003).  Valuable timber species, including Pinus monticola (western 

white pine), Pinus strobus (eastern white pine) and Pinus lambertiana (sugar pine), are 

among the North American pines susceptible to WPBR.  Five-needled pines in North 
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America have not coevolved with C. ribicola, and most pine species possess low levels of 

natural resistance (Hoff et al. 1980).   

A national effort to eradicate Ribes sp. (hereafter Ribes) from North America was 

in place from the 1920s to the 1960s to halt the spread of the pathogen and protect 

important timber species.  The cumulative cost of this campaign was more than one 

billion USD (Mielke 1943; Maloy 1997; McDonald et al. 2006).  However, C. ribicola 

continued to spread throughout the range of susceptible pines in North America, and its 

range is still expanding in the southwestern United States (Hawksworth 1990; Van Arsdel 

et al. 1998; Geils et al. 1999; Geils 2001).  The eradication efforts are considered to have 

been unsuccessful, especially in the western United States, due to the resilience, 

abundance and widespread distribution of this genus, and the long distances over which 

aeciospores are able to travel.  Several authors attribute the inadequacy of the eradication 

effort to insufficient and inaccurate knowledge of C. ribicola biology, particularly with 

regard to spore dispersal distance (Mielke 1943; Maloy 1997).  In addition, a small 

number of infected plants are capable of supporting a large quantity of basidiospore 

inoculum.  Studies conducted by Toko et al. (1967) and King (1958) found little 

correlation between Ribes abundance and annual C. ribicola infection on pine, and 

documented high infection levels in some areas with low Ribes density (Mielke 1943).  

Taylor (1922) quantified basidiospore production of individual telial columns of Ribes 

nigrum L. leaves and demonstrated that, on average, each telial column has the capacity 

to produce 6000 basidiospores.   

Another potential reason that eradication efforts failed to control the spread of 

WPBR is that plants outside of the genus Ribes are able to serve as telial hosts for C. 

ribicola (McDonald et al. 2006).  In China, Japan and Korea, C. ribicola is able to utilize 

Castilleja and Pedicularis as telial hosts (Yokota et al. 1975; La and Yi 1976; Millar and 

Kinloch 1991; La 2009; Zhang et al. 2010 in press), and Pedicularis is considered the 

primary telial host genus in many areas.  It was only in the last few decades that C. 

ribicola began to cause significant damage to some native Asian pines, which were 

previously believed to possess high levels of natural resistance.  Most notably, high 

disease incidence was reported on Pinus koraiensis and Pinus armandii, which are the 
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most broadly-distributed and economically-valuable five-needled pines in China, Korea 

and other countries in Asia (La 2009; Zhang et al. 2010 in press). 

Initially, the pine stem rust on Pedicularis in Asia was believed to be C. 

kamtshatikum, which had long been known to utilize five-needled pines as aecial hosts, 

and Castilleja and Pedicularis as telial hosts (Millar and Kinloch 1991).  The intricacy of 

the C. ribicola species-complex was realized when Korean and Japanese plantations of 

Korean pine, which had been believed to be infected with an autoecious rust, became 

heavily infected in areas where proximal Pedicularis resupinata were also heavily 

infected (Yokota et al. 1975; La and Yi 1976; Millar and Kinloch 1991).  This prompted 

inoculation experiments using aeciospore isolates from Pinus pumila and Pinus strobus 

in Japan, which verified that the Cronartium species causing damage was C. ribicola, and 

established multiple races of the pathogen.  One race of C. ribicola, which had 

mistakenly been known as the separate species C. kamtshatikum, was able to infect both 

Ribes and Pedicularis; the other race was only able to infect Ribes (Yokota and Uozumi 

1976; Millar and Kinlock 1991).  A third race that was able to infect Pedicularis, but not 

Ribes, was experimentally demonstrated in Korea (Stephan and Hyun 1983). The 

susceptibility of Castilleja was not evaluated in these experiments.  More research is 

needed to clarify the relationships between the races and strains of the C. ribicola 

species-complex in Asia (Zhang et al. 2010 in press). 

As new information was gathered about the complexity of C. ribicola host-

specialization in Asia in the 1970s and ‘80s, North American and European research 

groups began to evaluate the host-specificity of established populations of C. ribicola.  In 

British Columbia, Hiratsuka and Maruyama (1976) reported successful inoculation of C. 

miniata Dougl. ex Hook in a greenhouse experiment using Canadian isolates of C. 

ribicola from western white pine and whitebark pine.  However, follow-up inoculation 

experiments in the field and under controlled conditions were unable to reproduce these 

results (Hunt 1984; Patton and Spear 1989).  The detection of C. ribicola on Castilleja 

and Pedicularis in North America was further complicated by the fact that Cronartium 

coleosporioides J. C. Arthur, a native rust that cycles between lodgepole and ponderosa 

pine and Castilleja and Pedicularis, is morphologically indistinguishable from C. ribicola 

on these hosts (Vogler and Bruns 1998).  
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It was not until 2004 that McDonald et al. (2006) detected infection on Castilleja 

miniata, Pedicularis racemosa Dougl. ex Benth. and Ribes hudsonianum growing close 

to diseased whitebark pine in the Selkirk Mountains of northern Idaho.  Molecular 

diagnostic methods were employed to positively identify the rust on these species as C. 

ribicola, although Pedicularis bracteosa Benth. and C. rhexifolia specimens collected 

from this site were determined to be infected with C. coleosporioides.  Pedicularis 

bracteosa from this same location was found to be infected with C. ribicola in 2006 

(Zambino et al. 2007).  A subsequent study was designed to establish whether aeciospore 

isolates of C. ribicola from across North America were able to cause infection on P. 

racemosa, or if this phenomenon was localized.  Isolates from all sampled regions were 

able to complete their lifecycle on P. racemosa, and were not host-specific among 

Pedicularis, Castilleja and Ribes.  Established molecular markers were unable to 

differentiate between C. ribicola on these various telial hosts (Richardson et al. 2007).  

These findings support the theory that these species have served as hosts for C. ribicola 

in North America since its initial introduction.  It is unlikely that geographically isolated 

C. ribicola populations evolved this trait independently or that cryptic introductions could 

explain the extensive distribution of this phenomenon in North America.   

There is growing interest in WPBR epidemiology, particularly in high-elevation 

whitebark pine (Pinus albicaulis Engelm.) ecosystems of the western United States 

(Schwandt 2006; Aubry et al. 2008).  Pinus albicaulis is a long-lived, slow-growing 

species that occurs in pure stands and mixed-conifer forests near treeline in the Cascade 

and Rocky Mountains.  It is considered a foundation species in high-elevation ecosystems 

because it provides ecosystem services that support community establishment, such as 

stabilizing soil, prolonging snowmelt and providing shade and nurse logs on exposed 

sites (Tomback et al. 2001; Aubry et al. 2008; Resler and Tomback 2008).  In addition, 

its lipid-rich, wingless seeds represent a seasonally important food source for Clark’s 

nutcrackers, grizzly bears, red squirrels and a variety of other species (Tomback and 

Kendall 2001).  Many factors are contributing to P. albicaulis population decline 

throughout its range, including WPBR, mountain pine beetle epidemics, changes in 

timberline dynamics, and fire suppression and subsequent displacement by more shade-

tolerant tree species (Keane et al. 1990; Kendall and Arno 1990; Keane and Arno 1993; 
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McDonald and Hoff 2001; Zeglan 2002; Aubry et al. 2008).  The current global 

conservation status of P. albicaulis is vulnerable, indicating a “substantial, imminent 

threat” to the species, while its regional conservation status varies (NatureServe 2009). 

WPBR has been observed on P. albicaulis in many stands with few or no Ribes, 

and it has been assumed that the relatively fragile basidiospores of C. ribicola must travel 

from Ribes at lower-elevation to infect these pines.  The maximum dispersal distance of 

basidiospores is believed to be between 300 m and 1600 m (Mielke 1943), although spore 

movement over complex topography is poorly understood (Lloyd et al. 1959; Van Arsdel 

1967; Van Arsdel and Krebill 1995; Van Arsdel et al. 1998; Geils et al. 1999; Geils 2001; 

McDonald and Hoff 2001; Van Arsdel et al. 2006).   

Castilleja and Pedicularis are often prevalent in high-elevation ecosystems.  This 

study focused on Castilleja, with the primary objective to determine whether Castilleja 

sp. of whitebark pine ecosystems of the Oregon and Washington Cascade Range are 

susceptible to C. ribicola.  The secondary objective was to determine if a reduction in the 

concentration of aeciospores used to inoculate plants would result in a reduction in 

percent infection.  This might be significant to WPBR epidemiology if Castilleja only 

became infected under very high spore loads.   

These objectives were approached through two growth chamber inoculation trials 

at Oregon State University (OSU) in Corvallis, Oregon during the spring of 2009.  The 

seed for this experiment was collected in 2008 from whitebark pine ecosystems at Crater 

Lake National Park (Castilleja applegatei Fern. var applegatei and Castilleja 

arachnoidea Greenm.) and Mount Rainier National Park (Castilleja parviflora Bong var. 

oreopola (Greenm.) Ownbey and Castilleja miniata).  Natural infection of C. miniata had 

been documented in Idaho (McDonald et al. 2006; Richardson et al. 2007), but the 

susceptibility of local populations of C. miniata and the remainder of these species to 

Cronartium ribicola in the Pacific Northwest was unknown.  Additional C. miniata seed 

was supplied by Seven Oaks Native Plant Nursery (Albany, Oregon).  Ribes plants were 

donated to this project by colleagues in the Department of Horticulture at OSU, and 

served as the positive control in these experiments.  In total, 270 Castilleja plants were 

inoculated with Cronartium ribicola aeciospores that were collected at Dorena Genetic 

Resource Center (USDA Forest Service, Cottage Grove, Oregon). 
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Methods 

 

Plant Propagation 

  

 Seeds were collected by the author in August and September 2008 from research 

plots at Crater Lake National Park (CLNP) and Mount Rainier National Park (MRNP) in 

accordance with approved research permits.  These plots had been established as part of 

an observational study on Castilleja and Pedicularis as hosts for C. ribicola.  Envelopes 

and herbarium sheets labeled with pertinent collection information (species, collection 

site and collection date) were used to temporarily store seeds within mature capsules.  

Seeds were then separated from capsules and other debris using sterile forceps and sieve 

mesh, and were stored dry in refrigerated envelopes.  Castilleja arachnoidea (cobwebby 

paintbrush) and C. applegatei (Applegate’s paintbrush) seeds were collected from CLNP, 

while C. parviflora var. oreopola (magenta paintbrush) and C. miniata (scarlet 

paintbrush) were collected from MRNP.  Seven Oaks Native Nursery supplied C. miniata 

seeds collected from two additional high-elevation populations in the Oregon Cascade 

Range and California Sierra Nevada Mountains, and C. miniata plants from distinct 

collection sites were analyzed separately in these experiments.  Seven Oaks Native 

Nursery also provided Penstemon speciosus Dougl. from the Sierra Nevada Mountains to 

act as a host plant for Castilleja.  Castilleja and Pedicularis, along with other plants in 

the Orobanchaceae, are hemiparasitic, deriving partial nutriment and water from a host 

plant. 

 On October 8th, 2008, seeds from all sources were moved from dry envelopes to 

moist, sterilized filter paper in Petri dishes, and placed in cold storage facilities at OSU at 

approximately 4°C to allow for cold stratification.  Seeds were checked biweekly to 

ensure that even moisture was maintained, and an attempt was made to remove seeds 

infected with grey mold (Botrytis cinerea) or other fungal contaminants.  Discarded seeds 

were monitored for germination at ambient temperature to provide an indication of when 

seeds had sufficiently cold-stratified.   

 Seeds were removed from cold storage at staggered intervals beginning in late-

November, and planted as they germinated.  Three seeds were planted in each 4 cm-
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diameter by 7 cm-deep cell of multi-celled trays.  The majority of seeds were planted in 

late-December and early-January, and one Penstemon seed was added per cell beginning 

January 3, 2009 to act as a host for hemiparasitic Castilleja plants.  All plants were grown 

in greenhouse facilities at OSU, which were maintained at approximately 20°C (Fig 3.1).  

High Pressure Sodium lights (400W) were programmed to 12-hr day length on December 

30, 2008.  Seedlings grew more rapidly after this date, allowing more recently planted 

seedlings to developmentally catch up with their peers. 

 

   

 
 
 
 
 
 
 
 
 
 
 
Fig 3.1 Castilleja in an OSU greenhouse (left) and Castilleja and Ribes in an OSU 
growth chamber (right).  Photos taken in March and April 2009. 
  

Some species proved more difficult to propagate than others, particularly C. 

arachnoidea and C. parviflora.  Pedicularis bracteosa, P. contorta Benth. and P. 

racemosa seeds were collected from MRNP for this experiment, but all seeds from this 

genus failed to germinate.  Germination rates and growth success were high for both C. 

miniata and C. applegatei.  In late-January, the three seedlings and Penstemon from each 

cell were transferred together to 10 cm square pots with a 1:4 soil mixture of perlite 

(Supreme Perlite Co., Portland, OR) to soil (Sunshine Special Blend Professional 

Growing Mix, SunGro Horticulture, Seba Beach, AB, Canada).  Coarsely ground granite 

was then sprinkled over the soil surface to reduce moss growth.  Each 10 cm square pot 

was treated as an individual Castilleja plant in the experiment.  Ribes nigrum cuttings, 

which had been stored outdoors through the winter in 9 cm square pots, were moved into 

the greenhouse early-March to induce bud-burst. 
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Aeciospore Collection 

  

 Aeciospores were collected March 23, 2009 from western white pines sown at 

Dorena Genetic Resource Center in 2005.  These pines had been inoculated with C. 

ribicola in a block-design experiment in 2006.  Each block received mixed basidiospore 

inoculum from infected Ribes leaves obtained from sites throughout Oregon.  A device 

designed for spore collection was used to collect aeciospores into vials, and aeciospores 

from trees in the same block were stored together in one vial.  In the laboratory, 

aeciospores were weighed and separated into 1.5 ml vials, and 5 mg, 25 mg or 50 mg of 

aeciospores were allocated to each vial.  Aeciospores were stored frozen until just prior to 

inoculation.  For both experiments, all inoculated plants received aeciospore inoculum 

from the same pine treatment block.  

 

Inoculation Protocol  

 

 Random number generation was used to assign plants to treatment trays such that 

an approximately equal number of plants of each species, or population in the case of C. 

miniata, were assigned to each tray.  Nine Castilleja and one to two Ribes were assigned 

to each tray, and a 100 ml batch of spore suspension was used to inoculate all plants in a 

tray.  Inoculation procedures were based on methods established by Patton and Spear 

(1989), although aeciospores were used in place of urediniospores to inoculate plants.  

For the first experiment, the spore suspension consisted of 50 mg of aeciospores mixed 

with 100 ml of distilled water and a few drops of diluted Tween 80 (syn. Polysorbate 80), 

a surface surfactant.  In the second experiment, three different aeciospore concentrations 

were used to inoculate plants:  50 mg, 25 mg or 5 mg of aeciospores per 100 ml of water.   

 Each batch of spore suspension was mixed in a 150 ml glass beaker using a 

stirring bar on a stirring plate immediately prior to inoculation.  A paint-sprayer (Model 

250, Badger Airbrush Co., Franklin Park, IL, USA) with 22 ml capacity was used to 

inoculate plants, and PROPEL fuel (Badger Airbrush Co.; 1,1-Difluoroethane and 

Butane) was used to power the sprayer.  Once spores were suspended in solution, a 

dropper was used to measure 20 ml of the continuously-stirred spore suspension into the 
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paint-sprayer jar.  Each Castilleja plant was inoculated with 10 ml of spore suspension 

(or somewhat less if the suspension began to bead and drip from leaves), so two 

Castilleja plants could be inoculated each time the paint-sprayer jar was filled.  This 

process was repeated until all of the suspension had been used, and plants in each tray 

were inoculated in a haphazard order.  A small quantity of spore suspension was also 

sprayed onto Petri plates prepared with Corn Meal Agar and Beta Sitosterol (CMAB) to 

allow for spore germination rates to be assessed.  Spore suspension was sprayed such that 

it covered, but did not pool on, the media surface, and was intended to approximate spore 

coverage on inoculated plants.  Two plates were sprayed per inoculation tray in the first 

experiment (24 total plates), while one plate was sprayed per tray in the second 

experiment (18 total plates).  

 Plants were sprayed individually in a plastic inoculation chamber, and an effort 

was made to spray the upper and lower surfaces of all leaves.  Immediately after each 

plant was sprayed, it was enclosed in plastic bags supported by wooden stakes and 

secured with a rubber band around the rim of the pot (Fig 3.2).  Plants were watered prior 

to inoculation to maximize the relative humidity within plastic bags.  Bags were removed 

from plants after approximately 48 hr for the first experiment, and after 72 hr for the 

second experiment.  The day length in the growth chamber was set to 14 hr, while the 

temperature was set to 17°C for the first three days and then raised to 20°C.  In the first 

inoculation experiment, 108 Castilleja were inoculated across 12 trays.  In the second 

experiment, 162 Castilleja were inoculated across 18 trays, six trays for each of the three 

spore concentration treatments.  In both experiments, at least one plant from each species 

was assigned to a negative control tray, and the plants on this tray were inoculated with a 

water-Tween solution devoid of aeciospores. 
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Fig 3.2  Inoculation protocol.  Spraying C. miniata with spore suspension (left), and 
enclosing the inoculated plant in a plastic bag secured with a rubber band (right). 
 
 
Aeciospore Germination 

  

 Germination of aeciospores on Petri plates was assessed using a Leica M3Z 

dissecting microscope (Leica Microsystems GmbH, Wetzlar, Germany).  A 100-square 

grid made up of 6 mm squares was placed beneath each plate, and random number 

generation was used to pre-select ten squares in the grid.  The microscope eyepiece was 

also equipped with a grid, which at 40x magnification covered a 5.1189 mm2 area.  This 

smaller grid was positioned in the top left corner of the squares selected from the larger 

grid.  For each square, the number of aeciospores that had germinated and the total 

number of aeciospores was recorded for the entire 5.1189 mm2 grid.  If a square selected 

from the larger grid was contaminated with a secondary fungus, the square immediately 

above was assessed in its place.   

The germination rate in each square was calculated by dividing the number of 

germinated spores by the total number of spores.  The mean aeciospore germination rate 

was obtained by averaging the germination rate across all squares and all plates.  For the 

second experiment, the mean aeciospore germination rate was also calculated for each of 

the three spore concentration treatments.  The mean number of germinating aeciospores 
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per 5.1189 mm2 was then used to extrapolate the concentration of germinating 

aeciospores per square mm.  This estimate may or may not be representative of the 

density of germinating aeciospores on plant surfaces, as plant surfaces are comparatively 

complex and might support a larger quantity of spore solution.   

 

Plant Monitoring 

 

Plant monitoring consisted of careful inspection of all Castilleja and Ribes leaves.  

Apparent signs and symptoms of C. ribicola infection were recorded, along with the 

number of infected leaves per plant and the spore stage(s) present.  The total number of 

leaves per plant was not documented.  Telia were observed protruding from both upper 

and lower leaf surfaces of several plants, and this was recorded when it occurred.  Notes 

were also kept on other types of damage, such as injury from aphid or thrip feeding, foliar 

senescence and powdery mildew infection on Ribes.  When multiple leaves were infected 

on a plant, some were collected for microscope examination of spores and as voucher 

specimens.  

The first inoculation experiment took place March 23, 2009, and spore 

germination on Petri plates was assessed 30 hr post-inoculation.  Plants were informally 

checked for signs and symptoms of disease one week after inoculation, at which time no 

infection was detected.  The first formal tally was conducted April 18, 2009, and weekly 

tallies occurred from this point forward.  The final tally of four trays took place May 13, 

2009, while the final tally of the remaining eight trays took place May 19, 2009.  At this 

time, 16 infected plants were misted with distilled water, enclosed in plastic bags, and put 

into cold storage at 4°C to induce basidiospore formation.  This sub-sample of infected 

plants contained at least one representative from each population or species, and more-

heavily infected plants were selected. 

 The second inoculation experiment was conducted May 14, 2009, and spore 

germination on Petri plates was evaluated approximately 60 hr after inoculation.  These 

plants were first formally tallied on May 28, 2009, and were monitored weekly through 

July 3, 2009.  Using the methods described above, six infected plants were put into cold 

storage after the final tally to induce basidiospore formation.   



77 
 

 The plants inoculated in the second experiment had been planted at the same time 

as those inoculated in the first experiment, and were therefore older at the time of 

inoculation.  In addition, these plants grew outdoors in a cold frame in the weeks prior to 

inoculation, and this exposure to wind and weather resulted in some desiccation of leaf 

and stem tissue.  Unfortunately, a circuitry problem in the growth chamber resulted in 

plants being exposed to 24-hr daylight for the first three weeks of the second experiment, 

which may have further stressed plants and impacted inoculation success.  For these or 

other reasons, 25 plants died over the course of the second experiment, whereas only one 

plant was killed in the first experiment when its stem was accidentally broken.  No C. 

arachnoidea plants survived to be used in the second experiment.  Many plants lost 

individual stems or a large number of leaves during the experiment, but were not 

considered dead until no live leaf tissue remained.  Dead plants have been retained in the 

analysis, which may lead to an underestimate of disease incidence for some species in the 

second experiment. 

 

Data Presentation and Analysis   

 

 Results are presented as standard Boxplots and Bar graphs.  The Boxplot mid-line 

represents the median, the top and bottom box limits represent the 75th and 25th quartile 

of the data, and the whiskers span 1.5 times the interquartile range.  Data was analyzed 

using one- and two-way ANOVA tests (S-PLUS 8.0 for Windows, Insightful Corp., 

Seattle, WA).  One-way ANOVA tests were used in Experiment I to evaluate differences 

in percent infection and in the number of infected leaves per infected plant by species.  In 

Experiment II, one-way ANOVA tests were used to evaluate differences in spore 

germination and density by spore treatment, and two-way ANOVA tests were used to 

evaluate differences in percent infection and in the number of infected leaves per infected 

plant by species (after accounting for spore treatment), and by spore treatment (after 

accounting for species).  Data were transformed as appropriate.  Log-transformation was 

used to normalize right-skewed distributions of the number of infected leaves per infected 

plant. 
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Results 

 

Aeciospore Germination 

 

 Aeciospores were viable after being stored frozen for two to seven weeks, 

although germination was lower for the second experiment compared to the first.  

Germination rate for the first experiment was assessed after 30 hr and it is likely that 

more aeciospores germinated after this time.  For the first experiment, the mean and 

median aeciospore germination rate was 44%, and the median density of germinating 

spores on the media surface was 3.06 spores/mm2 (Fig 3.3).  

 

 

 

 

 

 

 

 

Fig 3.3  Aeciospore germination frequency (left) and germinating aeciospores per mm2 on 

CMAB Petri plates (right) in Experiment I.  N=24 Petri plates (2 per tray). 

 

The overall mean germination rate for the second experiment, assessed 60 hr 

post-inoculation, was 31%.  The median germination rates for the 50 mg, 25 mg and 5 

mg treatments were 32%, 38% and 22%, respectively (Fig 3.4), and there was evidence 

of a difference in germination rate between these treatments (Table 3.1, ANOVA p-value 

0.03).  The median germinating spore densities for the 50 mg, 25 mg and 5 mg treatments 

were 1.50 spores/mm2, 1.03 spores/mm2 and 0.26 spores/mm2, respectively (Fig 3.4).  

There was strong evidence that the number of germinating spores per square mm differed 

between these three treatments (Table 3.2, ANOVA p-value <0.0001), as expected due to 

differences in spore concentration between the treatments. 
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Fig 3.4  Aeciospore germination frequency (left) and germinating aeciospores per mm2 by 
spore concentration treatment (right) on CMAB Petri plates in Experiment II.  N = 18 
Petri plates (1 per tray).  Treatment 1: 50mg/100ml, Treatment 2: 25mg/100ml, 
Treatment 3: 5mg/100ml. 
 
 
Table 3.1  Test (ANOVA) for differences in germination frequency across the three spore 
concentration treatments in Experiment II.  One Petri plate was evaluated for each of the 
18 inoculation trays, six for each of the three spore treatments. 
 
  DF Sum of Sq Mean Sq F Value Pr (F) 

Treatment 2 0.053 0.027 4.61 0.03 

Residuals 15 0.087 0.006     
 

 

Table 3.2  Test (ANOVA) for differences in the density of germinating aeciospores 
across the three spore treatments in Experiment II.   
 
  DF Sum of Sq Mean Sq F Value Pr (F) 

Treatment 2 4.04 2.021 24.91 0.00002 

Residuals 15 1.22 0.081     

 

 

Inoculation Experiment 1 

 

 Castilleja plants from all species and populations became infected with C. 

ribicola and produced telia during the 8-week experiment.  A total of 108 plants were 

inoculated with aeciospores, including 18 C. applegatei, 5 C. arachnoidea, 28 C. miniata 



80 
 

(Cascades), 30 C. miniata (Rainier), 22 C. miniata (Sierras) and 5 C. parviflora.  Of the 

108 inoculated Castilleja, 71 became infected, for an overall percent infection of 66%.  

There was strong evidence that percent infection differed by species (Fig 3.5, Table 3.3, 

ANOVA p-value 0.001).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.5  Percent infection by species in Experiment I.  Species abbreviations:  Caap (C. 
applegatei), Caar (C. arachnoidea), Cami C (C. miniata Cascades), Cami R (C. miniata 
Rainier), Cami S (C. miniata Sierras), Capa (C. parviflora), and Rini (R. nigrum). 
 
 
Table 3.3  Test (ANOVA) for differences in percent infection across Castilleja species in 
Experiment I.   
 
  DF Sum of Sq Mean Sq F Value Pr (F) 

Species 5 2.94 0.588 4.72 0.001 

Residuals 52 6.48 0.125     

 
 
The mean number of infected leaves per infected plant ranged from two for C. 

parviflora to 13.4 for C. applegatei, although 30 or more infected leaves were detected 

on heavily infected plants (Fig 3.6).  On heavily infected plants, it was not uncommon for 

most or all leaves to be infected, although the total number of leaves on each plant was 

not recorded.  There was evidence that the log number of infected leaves per infected 

plant varied by species (Table 3.4, ANOVA p-value 0.04).  Species with relatively lower 

percent infection also tended to have fewer infected leaves per infected plant (mean and 

median).     
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Fig 3.6  Number of infected leaves per infected plant by Castilleja species in Experiment 
I. Species abbreviations:  Caap (C. applegatei), Caar (C. arachnoidea), Cami C (C. 
miniata Cascades), Cami R (C. miniata Rainier), Cami S (C. miniata Sierras), and Capa 
(C. parviflora).  The total number of leaves per plant was not recorded. 
 
 
Table 3.4  Test (ANOVA) for differences in the log number of infected leaves per 
infected plant across Castilleja species in Experiment I.   
 

  DF Sum of Sq Mean Sq F Value Pr (F) 

Species 5 13.10 2.62 2.51 0.04 

Residuals 57 59.43 1.04     

 
  

 When plants were first formally monitored on April 18, 2009, three weeks after 

inoculation, urediniospores were detected on at least one Ribes plant in 10 of the 12 

inoculation trays.  No infection was observed on Castilleja at this time; however, slight 

pale discoloration was noted on some plants.  Infection was first detected on Castilleja 

one month after inoculation (Fig 3.7).  Telia developed on 67 of 71 infected Castilleja 

plants (94%) during the eight-week trial (Fig 3.8).  Telia were observed protruding from 

upper and lower leaf surfaces of 15 of 71 infected plants (21%), and this phenomenon 

was most common on C. applegatei (10 plants).  When this occurred, the pattern of 

infection was mirrored on upper and lower leaf surfaces (Fig 3.9).   
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Fig 3.7  Infection and telial incidence of Castilleja and Ribes over time in Experiment I.  
In total, 108 Castilleja and 20 Ribes were inoculated on 3/23/09. 
 
 

 
 
Fig 3.8  Overall infection and telial incidence by species in Experiment I.  Species 
abbreviations:  Caap (C. applegatei), Caar (C. arachnoidea), Cami C (C. miniata 
Cascades), Cami R (C. miniata Rainier), Cami S (C. miniata Sierras), Capa (C. 
parviflora), and Rini (R. nigrum). 
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Fig 3.9  Telia on infected Castilleja leaves.  Telia protrude from upper and lower surfaces 
of an infected C. applegatei leaf shown in cross-section (left), and heavy telial infection 
on a C. applegatei leaf (right).   
 
 

Few or no urediniospores were observed on Castilleja over the course of the first 

experiment.  Instead, telia emerged from pale to orange lesions without defined spore 

structure, which may have been newly-developing telia or uredinia that were not actively 

releasing urediniospores (Fig 3.10).  At least one Ribes plant in each inoculation tray 

became infected, while no infection developed on negative experimental controls.  Telia 

from all 16 plants misted with water and put into cold storage at the end of the 

experiment developed basidia within approximately three days.  Slides of telia were 

prepared, and a dissecting microscope equipped with a camera was used to photograph 

telia with basidia from each of the 16 plants (Fig 3.11).  

 

 

 

 

 

 

 

 

 

 
Fig 3.10  Telia emerging directly from pale lesions on C. miniata leaves, bypassing the 
urediniospore stage.  A millimeter ruler provides scale. 
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Fig 3.11  C. ribicola basidium (left) and telium with basidia (right) from a C. applegatei 
plant inoculated in Experiment I.   
 
 
Inoculation Experiment II 
 

 In the second experiment, all inoculated species and populations of Castilleja 

became infected (Fig 3.12).  Susceptibility of C. arachnoidea was not assessed because 

all plants of this species had died prior to inoculation.  In total, 162 Castilleja plants were 

inoculated (54 plants across six trays for each of the three spore treatments).  Inoculated 

plants included 28 C. applegatei, 44 C. miniata (Cascades), 45 C. miniata (Rainier), 37 

C. miniata (Sierras) and 8 C. parviflora, which were roughly evenly distributed among 

treatments and trays.  Over the course of the experiment, 25 plants died, including nine 

plants that had become infected, and all dead plants were retained in the analysis.  This 

may lead to an underestimate of percent infection, particularly in cases in which plants 

died soon after inoculation, before infection could be expressed or observed.  If a plant 

became infected, but died before the experiment concluded, it was still counted as 

infected.  Mortality rates were highest for C. applegatei and C. miniata (Rainier) (Fig 

3.13).       

In total, 96 out of 162 Castilleja plants (59%) developed infection during the 8-

week experiment.  Percent infection (the number of plants that became infected out of the 

total number inoculated) may be artificially low for species with high rates of mortality 

(Fig 3.13).  After accounting for species, there was no evidence that the percent infection 

differed for the three spore treatments (Table 3.5, ANOVA p-value .55), and strong 

evidence that percent infection varied by species (Table 3.5, ANOVA p-value .008).   
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Fig 3.12  Overall percent infection of Castilleja by species and treatment in Experiment 
II.  Overall percent infection is the percent infection across treatments for each species.  
Plants that were infected and then died were counted as infected in the percent infection 
calculation. Species abbreviations:  Caap (C. applegatei), Cami C (C. miniata Cascades), 
Cami R (C. miniata Rainier), Cami S (C. miniata Sierras), and Capa (C. parviflora). 
Treatment 1: 50mg/100ml, Treatment 2: 25mg/100ml, Treatment 3: 5mg/100ml. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.13  Overall incidence of mortality and infection by treatment of Castilleja in 
Experiment II.  Nine plants that were infected and then died are only counted as infected, 
not as dead.  Species abbreviations:  Caap (C. applegatei), Cami C (C. miniata 
Cascades), Cami R (C. miniata Rainier), Cami S (C. miniata Sierras), and Capa (C. 
parviflora).  Treatment 1: 50mg/100ml, Treatment 2: 25mg/100ml, Treatment 3: 
5mg/100ml. 
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Table 3.5  Test (ANOVA) for differences in percent infection across the three spore 
concentration treatments in Experiment II after accounting for differences between 
Castilleja species.  The p-value for differences between species was the same when 
treatment was not included in the ANOVA (on 4 and 10 df). 
 

  DF Sum of Sq Mean Sq F Value Pr (F) 

Species 4 0.8459 0.2115 7.02 0.008 

Treatment 1 0.0118 0.0118 0.39 0.55 

Residuals 9 0.2713 0.0301     

 
 
Plants were first formally monitored on May 28, 2009, two weeks after 

inoculation, at which time urediniospores were detected on 15 of 18 Ribes plants.  

Infection was first observed on Castilleja one week later (Fig 3.14).  In total, telia 

developed on 78 of 96 infected Castilleja plants (81%) during the 8-week trial, and this 

percentage may be artificially low due to plants that died prior to telial development.  As 

in Experiment I, urediniospores were rare on Castilleja, and telia were observed 

protruding from upper and lower leaf surfaces of some plants (25 out of 96 infected 

plants).  Telia from all plants put into cold storage at the end of the experiment 

successfully germinated to produce basidia.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.14  Infection, telial incidence and mortality of Castilleja and Ribes over time in 
Experiment II.  One-hundred and sixty-two Castilleja and 18 Ribes were inoculated on 
5/14/09. Nine plants that were infected and then died are only counted as infected, not as 
dead.   
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     Although no difference in percent infection was detected between the three spore 

concentration treatments, other differences between treatments were apparent.  When 

both species and treatment were accounted for, there was evidence that the log number of 

infected leaves per infected plant differed between species (Table 3.6, ANOVA p-value 

0.04) and very strong evidence that the log number of infected leaves differed between 

treatments (Table 3.7, ANOVA p-value <0.0001).  The number of infected leaves per 

infected plant was positively correlated with the concentration of spores used to inoculate 

plants, and species with higher percent infection tended to have a greater number of 

infected leaves per infected plant (Fig 3.15).  The total number of leaves was not 

recorded, so these comparisons rely on the assumption that the total number of leaves per 

plant was similar between species and treatments. 

 
 
Table 3.6  Test (ANOVA) for differences in the log number of infected leaves per 
infected plant across Castilleja species after accounting for spore concentration 
treatments in Experiment II.   
 
  DF Sum of Sq Mean Sq F Value Pr (F) 

Treatment 2 18.9 9.47 11.98 0.00002 

Species 4 8.2 2.05 2.59 0.04 

Residuals 89 70.4 0.79     

 
 
Table 3.7  Test (ANOVA) for differences in the log number of infected leaves per 
infected plant across spore concentration treatments after accounting for Castilleja 
species in Experiment II.   
 
  DF Sum of Sq Mean Sq F Value Pr (F) 

Species 4 10.2 2.56 3.24 0.02 

Treatment 2 16.9 8.45 10.68 0.00007 

Residuals 89 70.4 0.79     
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Fig 3.15  Number of infected leaves per infected plant by spore concentration treatment 
(left) and by species (right) in Experiment II.  Species abbreviations:  Caap (C. 
applegatei), Cami C (C. miniata Cascades), Cami R (C. miniata Rainier), Cami S (C. 
miniata Sierras), and Capa (C. parviflora).  Treatment 1: 50mg/100ml, Treatment 2: 
25mg/100ml, Treatment 3: 5mg/100ml. 
 
 
Discussion  

 

 These experiments demonstrate that multiple species of Castilleja from high-

elevation whitebark pine ecosystems of the Cascade Range are susceptible to infection by 

populations of C. ribicola in Oregon.  Conducting two rounds of experimentation 

substantiated these results and illustrated their reproducibility.  There were detectable and 

quantitative differences in susceptibility between these species and populations, including 

differences in percent infection (the percent of inoculated plants that became infected) 

and the number of infected leaves per infected plant (Tables 3.3, 3.4, 3.5, 3.6 and 3.7).  

Consistent trends were observed in the percent infection (susceptibility ranking) of these 

species and populations between the two experiments, with the highest percent infection 

reported for C. applegatei and C. miniata (Sierras) (Figures 3.5 and 3.12). 

The abbreviated or bypassed urediniospore stage observed on Castilleja may 

have significant epidemiological implications, as this repeating stage is critical for 

within- and between-plant inoculum buildup on alternate hosts.  Other growth chamber 

experiments have reported rare urediniospore production on Castilleja (Hiratsuka and 

Maruyama 1976; McDonald et al. 2006), and field observations of naturally-infected and 
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field-inoculated Castilleja also support this finding (Chapter 2).  However, 

urediniospores were observed on one field-inoculated C. arachnoidea plant at Crater 

Lake National Park in 2009, providing evidence that C. ribicola occasionally produces 

urediniospores on Castilleja (Chapter 2).  The production of telia on upper and lower leaf 

surfaces of some plants further demonstrates that there are differences in the way that C. 

ribicola infection is expressed on this host genus. 

Ribes plants that were inoculated alongside Castilleja under identical conditions 

produced uredinial lesions, while infection on Castilleja proceeded directly to telia.  

Other differences in infection phenology were also observed between Ribes and 

Castilleja (Figures 3.7 and 3.14).  First, there was a longer incubation period for C. 

ribicola on Castilleja compared to Ribes.  The initial signs of infection were detected on 

Castilleja at least one week later, and the incidence of infection on Castilleja continued 

to increase beyond the first few weeks of the experiment.  It is possible, but unlikely, that 

urediniospores from infected Ribes contributed to later infection on Castilleja, because 

humidity within the growth chamber was low and limited air movement was not 

conducive to spore dispersal.  The incubation period may be longer on Castilleja because 

more energy is required to produce relatively larger telial structures (compared to 

uredinia); therefore, it may take more time for C. ribicola to make the haustorial 

connections necessary to secure this energy from its host.   

Second, telial were produced earlier on Castilleja than on Ribes under the same 

temperature and moisture conditions.  This may be due to the fact that telia are being 

produced in response to different biochemical and environmental cues on these hosts.  It 

is also possible that the same biochemical triggers initiate telial production on both hosts, 

but that these chemicals are produced earlier, or in greater abundance, in Castilleja.  

Senescence chemicals that promote telial production may be more prevalent in Castilleja, 

particularly given that these species must complete their lifecycle within the brief alpine 

growing season.  It is curious that infection proceeded directly to telia on Castilleja plants 

during the first experiment, throughout which plants retained considerable healthy 

foliage.  However, flower bracts had become dull on the majority of these plants, and it is 

plausible that hormones or other biochemicals associated with flower senescence, such as 

ethylene, could act as a signal for C. ribicola to progress through its lifecycle more 
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quickly.  It would be interesting to gain insight into what triggers the production of telia 

on alternate hosts and why rust phenology differs between hosts under identical 

controlled conditions. 

The possibility that populations of C. ribicola in high-elevation stands may have 

evolved to complete their lifecycle more rapidly as an adaptation to the brief subalpine 

growing season has been discussed (pers. comm. R. Hamelin August 2009).  This might 

enable C. ribicola to produce and release basidiospores before host leaf tissue has 

senesced.  However, the isolates of C. ribicola used in this experiment came from 

western white pine at Dorena Genetic Resource Center, which had been inoculated with 

infected Ribes leaves collected from sites below the subalpine zone.  The fact that 

infection on Castilleja progressed to telia in this experiment after being inoculated with 

populations of C. ribicola from low- and mid-elevations, and did not do so on Ribes, 

suggests that genetic variation in the pathogen was not responsible for the observed 

differences in spore phenology on these hosts.  Rather, there is more compelling evidence 

that the phenology of C. ribicola varies at different locations and on different hosts in 

response to host physiology and to environmental triggers, such as temperature and 

moisture. 

The percent infection was not significantly different between the three spore 

concentration treatments in the second experiment, which might indicate that all levels of 

spore concentration were sufficient to saturate plants with inoculum.  Therefore, the 

plants that did not become infected may have possessed natural resistance that made them 

less susceptible to infection.  On a finer scale, there was a significant difference in the 

number of infected leaves per infected plant across the three treatments, with more 

infected leaves observed on plants inoculated with more concentrated spore suspension.   

It is difficult to interpret differences in infected leaves per infected plant because 

the total number of leaves per plant was not recorded.  Comparisons of the number of 

infected leaves rely on the assumption that the total numbers of leaves were similar 

between plants of different species and treatments.  In some ways, the finding that 

percent infection did not differ between spore concentration treatments supports the 

theory that plants that did not become infected were not susceptible to infection by C. 

ribicola, because no leaves became infected even when plants were inundated with 
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inoculum.  It is also possible that plants escaped infection for reasons unrelated to genetic 

resistance mechanisms.  For example, spore suspension may have dripped from leaves of 

plants that were sprayed too heavily, or the infection environment for some plants may 

have been influenced by their position in the growth chamber or by the relative humidity 

within bags after inoculation.  However, there appear to be real differences in 

susceptibility between species with regard to both percent infection and number of 

infected leaves per infected plant.  A future study that further evaluates quantitative 

differences in susceptibility, such as lesion size and inoculum production, would be 

useful in assessing differences in susceptibility among these species.  Infected leaves 

collected from plants inoculated in this experiment are currently stored in the 

Mycological Herbarium at OSU, and could be used for these purposes (Appendix C).  

There are 138 total herbarium packets from these experiments. 

Studies have assessed and established differences in susceptibility between 

species of Ribes (Kimmey 1935; Mielke 1943), and it is likely that there is similar 

variation in susceptibility among species of Castilleja and Pedicularis.  It is important to 

note that the relative susceptibility of species in growth chamber experiments does not 

always reflect their susceptibility under field conditions.  The microsite on which 

susceptible hosts grow, the timing of foliar development and senescence relative to that 

of aeciospore dispersal, and the proximity of telial and aecial hosts are all factors that 

determine the epidemiological importance of alternate host plants.  The level of inoculum 

build-up on alternate hosts plants from urediniospore production appears to be another 

factor that impacts the epidemiological importance of alternate hosts.  

Although Castilleja hispida was not inoculated in these experiments, there is 

observational evidence that this species is also susceptible to C. ribicola.  Telial lesions 

were detected on at least four plants of this species in the greenhouse, where they were 

growing adjacent to infected R. nigrum plants on the same greenhouse bench.  Relative 

humidity in the greenhouse was high, and a fan was inadvertently positioned such that air 

was moving from the infected Ribes plants onto C. hispida.  The infected Ribes had been 

inoculated with aeciospores collected from western white pine in the Oregon Coast 

Range (Clatsop Co.) that were part of a resistance outplanting trial on Oregon 

Department of Forestry land.  This demonstrates that C. hispida is susceptible to C. 
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ribicola; that urediniospores can successfully cause infection on Castilleja; and that C. 

ribicola collected from another source in Oregon was virulent on this host genus. 

 

 

Conclusion 

 

 All species and populations inoculated in these growth chamber experiments 

were susceptible to infection by populations of C. ribicola present in Oregon.  The 

inoculated Castilleja species are abundant in high-elevation whitebark pine ecosystems of 

the Pacific Northwest, and frequently grow in association with infected pines.  There 

were statistically significant differences in susceptibility among species and populations 

of Castilleja inoculated in this study, and susceptibility trends were consistent between 

the two inoculation experiments.  It is possible that plants that did not become infected 

possess genetic resistance to C. ribicola, or that they escaped infection for other reasons.  

Differences in infection phenology between Castilleja and Ribes include delayed onset of 

visible infection and rare urediniospore production on Castilleja.  One hypothesis is that 

physiological differences in Castilleja, such as a high concentration of senescence 

chemicals within the vascular tissue and leaf cells, may trigger C. ribicola to bypass the 

urediniospore stage on this host.   

 The next step in evaluating the susceptibility and epidemiological importance of 

Castilleja to the WPBR disease cycle should involve field inoculation trials and field 

observation of this host genus.  There has been a paradigm shift since the Ribes 

eradication efforts of the 20th century, and it is recognized that Ribes, Castilleja and 

Pedicularis are ecologically and aesthetically valuable.  Improved understanding of the 

role of these hosts in the disease cycle will be critical to managing WPBR in high-

elevation whitebark pine stands, and may aid in the effort to prioritize sites for whitebark 

pine restoration.  A concerted effort, which incorporates genetic resistance breeding, 

habitat restoration, and increased knowledge of C. ribicola epidemiology and biology, 

will be essential for the preservation of whitebark pine and the communities it supports.   
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Thesis Discussion and Conclusion 

 

 

White pine blister rust, caused by the non-native fungus Cronartium ribicola, has 

significantly contributed to the population decline of five-needled pines in North 

America.  Whitebark pine is considered a foundation species in high-elevation 

communities, and is highly-susceptible to C. ribicola infection (Tomback et al. 2001; 

Resler and Tomback 2008).  It has recently been discovered that populations of C. 

ribicola in North America are able to complete their lifecyle on telial hosts in the genera 

Castilleja and Pedicularis (McDonald et al. 2006; Richardson et al. 2007; Zambino et al. 

2007).  Infection of these newly-recognized hosts had not been previously documented in 

Oregon or Washington, and this study set out to determine if Castilleja or Pedicularis 

species act as telial hosts for C. ribicola in whitebark pine communities of the Oregon 

and Washinton Cascade Range.  Two years of observational study of hosts in these 

genera confirmed natural infection of multiple species of Castilleja and Pedicularis 

growing in association with infected whitebark pine.  Field and growth chamber 

inoculation identified additional species from high-elevation ecosystems that are 

susceptible to C. ribicola infection. 

 

Cronartium ribicola Infection 

 

 Field observation resulted in successful detection of C. ribicola infection on 

Castilleja and Pedicularis in whitebark pine ecosystems of the Cascade Range.  Field and 

growth chamber inoculation allowed for the susceptibility of additional species in these 

genera to be verified.  Extraction, PCR and genetic sequencing methods provided an 

efficient means of identifying and differentiating between C. ribicola, C. coleosporioides, 

E. harknessii and other Basidiomycetes using small samples of infected host tissue.  

Double-stranded sequences of the ITS1-5.8S-ITS2 region of DNA coding for ribosomal 

RNA genes (Fig 2.14) were obtained for at least one specimen of each infected Castilleja 

and Pedicularis species from all major site locations (Fig 2.15).  
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Species within these genera found to be susceptible to C. ribicola infection under 

natural conditions included P. racemosa at MRNP, Mt. Adams and Mt. Hood, C. miniata 

and C. parviflora at Mt. Hood, and C. applegatei at CLNP (Tables 2.5 and 2.6).  The 

highest incidence of infection was detected on P. racemosa, and natural infection was 

found on at least 84 individual plants of this species over two years.  Although infection 

was common and widespread on this host at some locations (e.g. Mt. Hood), careful, 

thorough inspection and keen eyesight was required to locate infection.  Field inoculation 

resulted in successful infection of P. racemosa and P. bracteosa at MRNP, and C. 

arachnoidea, C. applegatei and P. groenlandica at CLNP (Table 2.7).  Species that 

became infected through field inoculation, but were never found to be naturally-infected, 

include C. arachnoidea, P. bracteosa and P. groenlandica.  In contrast, C. miniata and C. 

parviflora were two species that were naturally-infected, but did not become infected 

through field inoculation.  

The growth chamber inoculation experiments demonstrated that all four 

inoculated Castilleja species were susceptible to infection by local populations of C. 

ribicola (Figures 3.8 and 3.12).  Conducting two rounds of experimentation substantiated 

these results and illustrated their reproducibility.  There were detectable and quantitative 

differences in susceptibility among Castilleja species, including differences in percent 

infection and in the number of infected leaves per infected plant (Tables 3.3, 3.4, 3.5 and 

3.6).  Consistent trends were observed in the percent infection (susceptibility ranking) of 

these species and populations between the two experiments, with the highest percent 

infection recorded for C. applegatei and C. miniata (the population from the Sierra 

Nevada Mountains of California). 

Although Castilleja hispida was not inoculated in these experiments, there is 

evidence that this species is also susceptible to C. ribicola.  Telial lesions were detected 

on at least four plants of this species in the greenhouse, where they were growing 

adjacent to infected R. nigrum plants on the same greenhouse bench.  Relative humidity 

in the greenhouse was high, and a fan was inadvertently positioned such that air was 

moving from the infected Ribes plants onto C. hispida plants.  The infected Ribes had 

been inoculated with aeciospores collected from western white pine in the Oregon Coast 

Range (Clatsop Co.) that were part of a resistance outplanting trial on Oregon 
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Department of Forestry land.  The C. hispida plants had been donated to the project by 

the Ecological Research Institute (Corvallis, OR).  This demonstrates that C. hispida is 

susceptible to C. ribicola; that urediniospores can successfully cause infection on 

Castilleja; and that C. ribicola collected from another source in Oregon was virulent on 

this host genus.  Genetic sequencing was not performed on these specimens. 

 

 

Phenology:  Disease Progression on Aecial and Telial Hosts 

 

There is evidence from the observational study that the concurrence of aeciospore 

dissemination and the emergence and growth of telial host foliage is sufficient for C. 

ribicola to complete its lifecycle within high-elevation ecosystems.  This was supported 

by the detection of infection on Castilleja, Pedicularis and Ribes growing close to 

infected pines.  Telia and basidia were observed on infected specimens collected from the 

field, but basidiospores from these hosts were not used to inoculate whitebark pine to 

demonstrate that infection could occur.  However, researchers at the Rocky Mountain 

Research Station in Moscow, Idaho conducted this type of verification by successfully 

inoculating western white pine seedlings using C. ribicola basidiospores produced on 

Castilleja and Pedicularis (McDonald et al. 2006).  This suggests that C. ribicola 

basidiospores produced on Castilleja, Pedicularis and Ribes in whitebark pine 

ecosystems of the Cascade Range have the capacity to infect proximate whitebark pine.  

The phenology of C. ribicola in high-elevation whitebark pine stands implies that 

basidiospore inputs from lower elevations are not necessary for C. ribicola to complete 

its lifecycle when susceptible hosts are present and environmental conditions are 

conducive to infection (Figures 2.7, 2.8 and 2.9).  However, infected telial hosts were not 

detected in all whitebark pine stands monitored in this study.  This may indicate that 

basidiospores are moving from offsite to infect these pines; that telial hosts are 

sporadically infected when conditions are favorable; or that infected telial hosts in these 

stands were overlooked. 

 The earliest infection of telial hosts in high-elevation ecosystems was observed in 

early-July 2009 on R. erythrocarpum at Crater Lake (Table 2.6).  All other infection was 
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detected from late-July to mid-September.  This suggests that there is a long period over 

which aeciospores are dispersing and healthy telial host tissue is available.  Under 

favorable conditions, signs of infection are visible on Ribes within 13 to 15 days of 

inoculation (Mielke 1943).  The fact that infection of telial hosts lagged aeciospore 

dispersal by several weeks or more signifies that warm and dry conditions during the 

height of summer may provide an unfavorable infection environment, or that infection is 

present at undetectable levels earlier in the season. 

Urediniospores were rarely observed on infected Castilleja plants in the 

observational study and field and growth chamber inoculations.  An abbreviated or 

bypassed urediniospore stage may have significant epidemiological implications, as this 

repeating spore stage is critical for within- and between-plant inoculum buildup on 

alternate hosts.  In the observational study, there were seldom multiple Castilleja plants 

infected per plot and infection tended to occur on one or a few leaves.  It is possible that 

this low incidence of infection may be linked to reduced urediniospore production on this 

genus.  In the inoculation experiments, telia were usually preceded by the development of 

pale orange lesions, which may have been immature or inactive uredinia that did not 

produce urediniospores (Fig 3.10).  Urediniospores were observed on one field-

inoculated C. arachnoidea plant at CLNP in 2009 (Fig 2.13), and it is feasible that 

urediniospore production is higher on Castilleja species that were not evaluated in these 

experiments or under specific environmental conditions.  However, past inoculation 

experiments have also reported rare urediniospore production on Castilleja (Hiratsuka 

and Maruyama 1976; McDonald et al. 2006).  Telia were sometimes observed protruding 

from the upper and lower leaf surfaces of naturally-infected and inoculated Castilleja in 

this study (Fig 3.9), which illustrates another difference in the way that infection is 

expressed on this host genus.   

Infection phenology differed between Ribes and Castilleja plants inoculated in 

the growth chamber (Figures 3.7 and 3.14).  Ribes plants that were inoculated alongside 

Castilleja under identical conditions produced uredinial lesions, while infection on 

Castilleja proceeded directly to telia.  There was also a longer incubation period for C. 

ribicola on Castilleja compared to Ribes.  The earliest signs of infection were detected on 

Castilleja at least one week later, and the incidence of infection continued to increase 
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beyond the first few weeks of the experiment.  The incubation period may be longer on 

Castilleja because more energy is required to produce relatively larger telial structures 

(compared to uredinia); therefore, it may take more time for C. ribicola to make the 

haustorial connections necessary to secure this energy from its host.   

Earlier telial production was observed on Castilleja compared to Ribes under the 

same temperature and moisture conditions.  This may suggest that telia are produced in 

response to different biochemical and environmental cues on these hosts.  If C. ribicola 

was able to respond to a signaling pathway induced by hormones or other biochemicals, 

such as ethylene, associated with host plant senescence, this might increase the likelihood 

that basidiospores could be formed before alternate host foliage had fully-senesced.  

Senescence chemicals that promote telial formation may be more prevalent in Castilleja, 

given that many species within this genus must complete their lifecycle within the brief 

alpine growing season.   

The possibility that populations of C. ribicola in high-elevation stands may have 

evolved to progress through their lifecycle more quickly as an adaptation to the brief 

subalpine growing season has been discussed (pers. comm. R.C. Hamelin August 2009).  

This might enable C. ribicola to produce and release basidiospores before host leaf tissue 

has senesced.  However, the aeciospores of C. ribicola used in these growth chamber 

inoculation experiments came from western white pine at Dorena Genetic Resource 

Center, which had been inoculated with infected Ribes leaves collected from sites below 

the subalpine zone.  Infection on Castilleja progressed directly to telia when inoculated 

with populations of C. ribicola from low- and mid-elevations, and did not do so on Ribes.  

This suggests that genetic variation in the pathogen does not directly control the timing of 

uredinial or telial production.  Rather, there is more compelling evidence that the 

phenology of C. ribicola varies at different locations and on different hosts in response to 

host physiology and environmental triggers.  

A study conducted by van der Kamp (1993) investigated telial host spore 

phenology of Cronartium coleosporioides on Castilleja miniata plants.  These plants 

were grown from seed in a nursery setting, and were inoculated with aeciospores 

collected from 21 locations in three biogeoclimatic zones in British Columbia.  The 

author noted trends for reduced urediniospore production among C. coleosporioides 
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populations from drier regions compared with wetter regions, and concluded that the rust 

from these regions may have evolved earlier telial production such that basidiospores 

would be ready to infect aecial hosts during rare periods of adequate moisture.  Similar 

spore phenology patterns were observed on naturally-infected Castilleja plants growing 

in these climate regions.   

It would be interesting to gain insight into what triggers uredinial and telial 

production on alternate hosts plants.  It is not understood why rust phenology varied on 

different hosts when inoculated with aeciospores from the same source under identical 

controlled conditions.  Observations made in this and other studies suggest that there may 

be complex interactions between rust genotype, environmental conditions and host 

physiology that dictate spore development and spore stage progression on telial hosts. 

 

 

The Role of Environment and Senescence in Infection 

 

The relatively earlier senescence of some susceptible telial host species observed 

in high-elevation ecosystems, particularly P. bracteosa and species in the genus 

Castilleja, may make them poor hosts for C. ribicola.  There is inter- and intra-specific 

variability in the onset of senescence, the timing of which can fluctuate depending on 

microsite, environmental conditions, and pressure from insects and pathogens.  Field 

observation provided numerous examples of how abiotic and biotic factors influence 

telial host senescence and how this might impact C. ribicola infection.  

First, infected Castilleja tended to occupy microsites with less sun and wind 

exposure, and were often developmentally behind other individuals of the same 

population.  In addition to delaying foliar senescence, these protected sites may have also 

offered a more conducive infection environment.  Next, infection was not naturally 

detected on P. bracteosa at MRNP, where it senesced early in the growing season and 

was heavily infected with powdery mildew (Fig 2.10).  However, infection has been 

observed on P. bracteosa in northern Idaho (Zambino et al. 2007), and successful field 

inoculation of P. bracteosa at MRNP verified that this species is susceptible to C. 

ribicola in the Cascade Range.  Species of Ribes at CLNP provide another example.  In 
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2009, R. erythrocarpum experienced significantly more damage from sunscald and 

insect-feeding compared to 2008, which was correlated with a decrease in the amount of 

infection found on this host species in 2009.  Ribes viscosissimum at CLNP was heavily 

damaged by aphids in both 2008 and 2009, and this may be one reason that rust failed to 

develop on this host.   

 Both the availability of susceptible host foliage and environmental conditions 

such as relative humidity, leaf wetness and temperature play a critical role in infection 

(Doran 1922; Mielke 1943).  More infection was observed on P. racemosa than on any 

other Castilleja or Pedicularis species, and the highest incidence of infection on this host 

was detected at Mt. Hood.  However, many P. racemosa plants growing directly beneath 

sporulating aecial cankers at Mt. Adams failed to become infected, and only one infected 

leaf was detected in 2009.  There were important environmental differences between sites 

at Mt. Adams and Mt. Hood, particularly with regard to precipitation and temperature 

during the growing season (Table 2.1).  Less rainfall and warmer mean high temperatures 

at Mt. Adams may have provided inadequate conditions for infection to occur on this 

susceptible host species.  Even though infection conditions at Mt. Adams were not 

conducive during the 2009 season, there is annual variation in climate, and more 

infection might be observed on P. racemosa at this site during a wetter, cooler year.   

  Environmental differences between sites may have also had an impact on field 

inoculation success, which was low overall and site specific (Table 2.7).  At CLNP, all 

nine P. groenlandica plants that became infected were present in one of two inoculation 

plots, while all three infected C. arachnoidea plants were found in one of four inoculation 

plots.  Sites were selected haphazardly in early-July, and it is possible that selection was 

biased toward sites on which plants were already fully-flowering and, consequently, more 

conspicuous.  Plants flowering at this time may have been on exposed sites with high 

solar loads that would have allowed for earlier snowmelt and plant development.  

Therefore, these plants may have been prone to earlier senescence and may also have 

experienced relatively higher rates of evapotranspiration and leaf-drying conditions.  

These factors could have contributed to the low incidence or complete lack of successful 

infection of many species shown to be susceptible to C. ribicola in observational study 

plots and in the growth chamber inoculation experiments.   
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The overall infection incidence on Castilleja in the growth chamber inoculation 

experiments was 62% and all species became infected.  In these experiments, inoculated 

plants were enclosed in plastic bags post-inoculation to maintain high relative humidity.  

This protocol was not incorporated into the field inoculations because it represented a 

dramatic modification to the infection environment.  However, high evaporation rates and 

temperatures on some sites following inoculation may have precluded infection.  In 

addition, plants inoculated in the growth chamber were not exposed to environmental 

extremes, and retained live foliage much longer than plants of their wild populations.  It 

is not possible to conclusively state why field inoculation infection success was low, but 

these results demonstrate that even when a pathogen is virulent, a delicate balance 

between host susceptibility and environmental favorability must be achieved for disease 

to occur.  More careful and truly random site selection may aid in field evaluations of 

host susceptibility. 

In this research, I found that populations of C. ribicola in the Pacific Northwest 

are virulent to several native species of Castilleja and Pedicularis.  However, levels of 

infection on these hosts varied widely, and environment appears to be a key determinant 

of whether or not infection takes place.  Environmental conditions, especially 

temperature and moisture, play a critical role in spore germination, germ tube penetrance 

and other aspects of infection phenology (Doran 1922).  Host physiology is also impacted 

by the environment, and plants growing on exposed sites frequently develop earlier in the 

growing season, and are prone to premature senescence.  In contrast, plants on sheltered 

microsites often experience delayed maturation, and may retain live, susceptible foliage 

later into the growing season. 

 

 

Management Implications: Are Castilleja or Pedicularis Important Hosts?   

  

 Preliminary results suggest that P. racemosa is more susceptible to C. ribicola 

infection than any other Castilleja or Pedicularis species present in whitebark pine 

ecosystems of the Oregon and Washington Cascade Range.  Researchers investigating 

these hosts in northern Idaho have also come to this conclusion (Richardson et al. 2007; 
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Zambino et al. 2007).  Pedicularis racemosa may be more epidemiologically important 

than other Castilleja and Pedicularis species because C. ribicola regularly produces 

urediniospores on this host and live foliage is consistently available late in the growing 

season.  Pedicularis racemosa is generally associated with moist, shaded microsites, 

which may serve to provide a more conducive infection environment compared with that 

of open-grown telial hosts.  The very low incidence of infection of P. racemosa at Mt. 

Adams demonstrates that infection of this host is sensitive to environmental influences, 

and that the importance of this host may vary significantly from site to site. 

Although several species of Castilleja were infected at high levels in the growth 

chamber experiments, and all species were shown to be susceptible to infection, limited 

infection was discovered on this genus in the field.  The relatively earlier-senescence and 

apparently rare urediniospore production on this host genus indicate that it is unlikely to 

be an important source of basidiospore inoculum on the types of sites monitored in this 

study.  It is important to continue monitoring Castilleja and Pedicularis species at 

multiple sites to assess differences in susceptibility across space and time.  

 Another factor that may impact the importance of these hosts in whitebark pine 

stands is the prevalence of Ribes.  At CLNP, for example, R. erythrocarpum is extremely 

abundant at high-elevations, especially on the western rim of Crater Lake.  Although 

Castilleja is also widespread, it is probable that a small proportion of the total 

basidiospore inoculum is produced on this genus.  In contrast, Ribes were rare in 

whitebark pine stands monitored at MRNP.  Although a few infected Ribes leaves were 

detected at one location, it is probable that this genus represents an insignificant source of 

inoculum within high-elevation ecosystems at MRNP compared to P. racemosa.  At Mt. 

Hood, large R. howellii shrubs were present and became infected with C. ribicola, but 

were scarce in the subalpine zone.  A large number of infected leaves (200) were detected 

on just two R. howellii shrubs, which is not dramatically lower than the number of leaves 

collected from 60 infected P. racemosa plants at Mt. Hood (272-397 leaves, Table 2.6).  

However, infection was both widespread and abundant on P. racemosa at Mt. Hood.  It is 

probable that the broader distribution of infection on P. racemosa compared to Ribes 

makes P. racemosa a more important source of basidiospore inoculum than Ribes on sites 

at Mt. Hood.    
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Follow-up Work and Future Research 

  

Studies have assessed and established differences in susceptibility between 

species of Ribes (Kimmey 1935, Mielke 1943), and it is likely that there is similar 

variation in susceptibility among species of Castilleja and Pedicularis.  It is important to 

note that the relative susceptibility of species in growth chamber experiments does not 

always reflect their susceptibility under field conditions.  The microsite on which 

susceptible hosts grow, the timing of foliar development and senescence relative to that 

of aeciospore dispersal, and the proximity of telial and aecial hosts are all factors that 

determine the epidemiological importance of alternate host plants.  The level of inoculum 

build-up on alternate hosts plants from urediniospore production appears to be another 

factor that impacts the epidemiological importance of alternate hosts.  

A quantitative approach, which measures infected leaf area and inoculum 

production, is necessary to adequately evaluate the susceptibility of newly recognized 

hosts.  It will be important to monitor these species at multiple sites over time to assess 

within and between species differences in susceptibility.  Leaf specimens collected from 

infected plants in observational study and field inoculation plots, and from growth 

chamber inoculated plants, are currently stored in the OSU (OSC) Mycological 

Herbarium, and might be useful in quantifying lesion size and telial production.  There 

are 50 herbarium packets from the 2008 and 2009 field seasons (Appendix B), and 138 

herbarium packets from the growth chamber inoculation experiments (Appendix C).  In 

addition to quantifying the susceptibility of these newly recognized telial hosts, it would 

also be sensible to map the distribution of those hosts deemed to be epidemiologically 

important and to overlay these map layers with the distribution of whitebark pine.  In 

doing so, it might be possible to find correlations between disease incidence and severity 

on whitebark pine and the abundance of newly recognized telial host species. 

The methods used to select sites for the observational study were non-random, 

although random number tables were used to select plot center trees when multiple 

infected trees were present.  Permanent plots were installed on sites on which sporulating 

infected pines were growing close to telial host species of interest, and an effort was 

made to monitor a wide variety of Castilleja and Pedicularis species in whitebark pine 
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stands with diverse site characteristics.  This sampling design maximized the potential of 

finding natural infection on telial host plants, which was the primary objective of this 

study.  However, the non-random nature of site-selection limits the scope of inference for 

this study, and does not allow for the extrapolation of infection levels across the 

landscape in whitebark pine stands.  A future study with a randomized plot design might 

allow for broader inferences to be made regarding telial host infection at a landscape 

level. 

In the growth chamber experiment, it was difficult to interpret differences in the 

number of infected leaves per infected plant, because the total number of infected leaves 

per plant was not recorded.  There appeared to be real differences in susceptibility 

between Castilleja species, but comparisons of the number of infected leaves relied on 

the assumption that the total numbers of leaves were similar between species.  A future 

study that takes into account the total number of leaves per infected plant and total 

infected leaf area might be better positioned to compare relative susceptibility of host 

plant species under controlled conditions.    

Field inoculation resulted in limited successful infection of alternate hosts.  Truly 

random site selection may improve evaluations of host susceptibility in the field.  It 

would also be interesting to investigate within-species variation in susceptibility 

depending on developmental stage at the time of inoculation.  This could be 

accomplished by staggering inoculations throughout the growing season, or by 

simultaneously inoculating plants at different developmental stages. 

There are apparently complex interactions between rust genotype, environmental 

conditions and host physiology that influence spore stage phenology on telial hosts.  

Little or no information is available in the literature regarding biochemical signals 

emitted from host plants that trigger spore developmental changes of fungal pathogens, 

which may be particularly important for macrocyclic rust fungi.  It is possible that 

senescence molecules play a critical role in triggering C. ribicola spore stage progression 

on telial hosts.  There may be differences in the quantity of these molecules and the time 

at which they are produced on Castilleja, Ribes and Pedicularis species.  This may be a 

key reason that the urediniospore stage is shortened or lacking on Castilleja plants 

observed in this and other studies.  Additional research in this area may enable us to gain 
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insight into what triggers uredinial and telial production on alternate hosts, which has 

implications for inoculum build-up on host plants.   

Lastly, the role of newly recognized telial hosts in stands that contain other 

susceptible pine species warrants investigation.  An improved understanding of the C. 

ribicola pathosystem in North America, and the relative importance of Castilleja and 

Pedicularis to the disease cycle, will be essential to the management of all susceptible 

pine species that grow in association with these telial hosts. 

 

 

Conclusion 

 

 This study confirmed that species of Castilleja and Pedicularis in whitebark pine 

ecosystems of the Oregon and Washington Cascade Range are susceptible to local 

populations of C. ribicola.  Natural infection of multiple Castilleja and Pedicularis 

species was present at levels that could be detected within the scope of the observational 

study, and field and growth chamber inoculation allowed for additional susceptible 

species to be identified.  Monitoring spore phenology of C. ribicola and foliar 

development of telial hosts provided evidence that there is sufficient time for C. ribicola 

to complete its lifecycle within high-elevation whitebark pine stands.  Growth chamber 

experiments demonstrated that there were statistically significant differences in 

susceptibility among Castilleja species and populations.  It is possible that inoculated 

plants that did not become infected possess genetic resistance to C. ribicola, or that they 

escaped infection for other reasons.   

 Some susceptible host species are particularly vulnerable to senescence earlier in 

the growing season, and this may reduce their capacity to support infection.  The relative 

importance of these hosts is difficult to assess after only two years of observation, as 

dynamics influencing host susceptibility vary between years.  Abiotic and biotic factors 

undoubtedly play a critical role in infection and senescence of telial hosts.  Castilleja 

species were prone to early-senescence, and C. ribicola displayed a reduction in 

urediniospore production on this genus.  The highest incidence of infection was detected 

on P. racemosa, and this species was most heavily infected at Mt. Hood.  
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Continued observation will be required to evaluate the importance of these newly 

recognized hosts to the disease cycle in whitebark pine ecosystems.  Information on the 

relative susceptibility of Castilleja and Pedicularis species, and the conditions under 

which they are vulnerable to infection, can be incorporated into Rust Hazard 

Assessments.  This knowledge may help resource managers to prioritize sites for 

whitebark pine restoration, and aid our efforts to protect this ecologically-valuable 

species.  A concerted effort, which incorporates genetic resistance breeding, habitat 

restoration, and increased knowledge of C. ribicola epidemiology and biology, will be 

essential for the preservation of whitebark pine and the communities that it supports.   
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Appendix A. Percent (%) cover of species in 10m-radius tree and 5m-radius shrub and 
herbaceous plots.  Percent cover of rock, grass, bare ground and coarse wood in 5m-
radius plots. 
 
Mt. Rainier  
Plot  Tree Sp. %  Shrub/Herb Scientific Shrub/Herb Common %  
Sunrise 1 A. lasiocarpa 15       
Sunrise 1 P. albicaulis 3       
Sunrise 1 P. engelmannii <1       
Sunrise 1     Anemone occidentalis western anemone <1 
Sunrise 1     Castilleja applegatei magenta paintbrush <1 
Sunrise 1     Eucephalus ledophyllus cascade aster 5 
Sunrise 1     Gentian calycosa Rainier pleated gentian 1 
Sunrise 1     Ligusticum grayi Grey's lovage 2 
Sunrise 1     Lupinus arcticus subalpine lupin 8 
Sunrise 1     Pedicularis bracteosa bracted lousewort 2 
Sunrise 1     Pedicularis contorta coiled-beak lousewort 10 
Sunrise 1     Phyllodoce empetriformis red mountain heather 5 
Sunrise 1     Polygonum bistortoides American bistort <1 
Sunrise 1     Potentilla flabellifolia fan-leaf cinquefoil 4 
Sunrise 1     Vaccinium scoparium small blueberry, grouseberry 1 
Sunrise 1     Valeriana sitchensisa sitka valerian 6 
Sunrise 1       rock 0 
Sunrise 1       grass 5 
Sunrise 1       bare 20 
Sunrise 1       coarse woody debris 0 
Sunrise 2 A. lasiocarpa 25       
Sunrise 2 P. albicaulis 2       
Sunrise 2     Arnica latifolia var. gracilis mountain arnica 4 
Sunrise 2     Eucephalus ledophyllus cascade aster 2 
Sunrise 2     Ligusticum grayi Grey's lovage 5 
Sunrise 2     Lupinus arcticus alpine lupin 6 
Sunrise 2     Luzula glabrata var. hitchcockii smooth woodrush 5 
Sunrise 2     Pedicularis bracteosa bracted lousewort 1 
Sunrise 2     Pedicularis contorta coiled-beak lousewort 1 
Sunrise 2     Polemonium pulcherrimum var. calycinum showy pelemonium 5 
Sunrise 2     Potentilla flabellifolia fan-leaf cinquefoil 2 
Sunrise 2     Vaccinium scoparium small blueberry, grouseberry 20 
Sunrise 2     Valeriana sitchensis sitka valerian 5 
Sunrise 2     Veratrum viride false hellebore 5 
Sunrise 2     Veronica cusickii Cusick's speedwell 1 
Sunrise 2       rock 0 
Sunrise 2       grass 5 
Sunrise 2       bare 30 
Sunrise 2       coarse woody debris 0 
Sunrise 3 A. lasiocarpa 45       
Sunrise 3 P. albicaulis 3       
Sunrise 3     Antennaria media alpine pussytoes 2 
Sunrise 3     Eucephalus ledophyllus cascade aster <1 
Sunrise 3     Ligusticum grayi Grey's lovage 2 
Sunrise 3     Lupinus arcticus alpine lupin 3 
Sunrise 3     Luzula glabrata var. hitchcockii smooth woodrush 8 
Sunrise 3     Pedicularis bracteosa bracted lousewort 1 
Sunrise 3     Polemonium pulcherrimum var. calycinum showy pelemonium <1 
Sunrise 3     Polygonum bistortoides American bistort <1 
Sunrise 3     Ranunculus suksdorfii subalpine buttercup <1 
Sunrise 3     Valeriana sitchensis sitka valerian 1 
Sunrise 3       rock 0 
Sunrise 3       grass 25 
Sunrise 3       bare 55 
Sunrise 3       coarse woody debris 0 
Sunrise 4 A. lasiocarpa 10       
Sunrise 4 P. albicaulis 3       
Sunrise 4     Achillea millefolium yarrow 1 
Sunrise 4     Agoseris aurantiaca orange mountain dandelion 1 
Sunrise 4     Erigeron peregrinus var. callianthemus subalpine daisy 5 
Sunrise 4     Eucephalus ledophyllus var. ledophyllus Cascade aster 2 
Sunrise 4     Ligusticum grayi Grey's lovage 1 
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Appendix A (continued) 
 
Sunrise 4     Lupinus arcticus alpine lupin 5 
Sunrise 4     Phlox diffusa spreading phlox 5 
Sunrise 4     Polemonium pulcherrimum var. calycinum showy pelemonium 1 
Sunrise 4     Vaccinium scoparium small blueberry, grouseberry 6 
Sunrise 4     Valeriana sitchensis sitka valerian 1 
Sunrise 4       rock 8 
Sunrise 4       grass 10 
Sunrise 4       bare 55 
Sunrise 4       coarse woody debris 0 
Sunrise 5 A. lasiocarpa 75       
Sunrise 5 P. albicaulis 5       
Sunrise 5     Arnica latifolia var. gracilis mountain arnica 3 
Sunrise 5     Erigeron peregrinus var. callianthemus subalpine daisy 1 
Sunrise 5     Ligusticum grayi Grey's lovage 1 
Sunrise 5     Pedicularis racemosa sickletop lousewort 6 
Sunrise 5     Pedicularis racemosa sickletop lousewort 1 
Sunrise 5     Phyllodoce empetriformis red mountain heather 20 
Sunrise 5     Polemonium pulcherrimum var. calycinum showy pelemonium 3 
Sunrise 5     Potentilla flabellifolia fan-leaf cinquefoil <1 
Sunrise 5     Vaccinium deliciosum Rainier blueberry 3 
Sunrise 5     Vaccinium scoparium small blueberry, grouseberry 30 
Sunrise 5     Valeriana sitchensisa sitka valerian 15 
Sunrise 5     Veratrum viride false hellebore 2 
Sunrise 5       rock 0 
Sunrise 5       grass 1 
Sunrise 5       bare 10 
Sunrise 5       coarse woody debris 0 
Sunrise 6 A. lasiocarpa 16       
Sunrise 6 P. albicaulis 10       
Sunrise 6     Achillea millefolium yarrow 1 
Sunrise 6     Arnica cordifolia heart-leaf arnica 1 
Sunrise 6     Castilleja miniata scarlet paintbrush <1 
Sunrise 6     Eucephalus ledophyllus var. ledophyllus Cascade aster 7 
Sunrise 6     Ligusticum grayi Grey's lovage 4 
Sunrise 6     Lupinus arcticus alpine lupin <1 
Sunrise 6     Phlox diffusa spreading phlox 6 
Sunrise 6     Polemonium pulcherrimum var. calycinum showy pelemonium 1 
Sunrise 6     unknown yellow aster unknown yellow aster 1 
Sunrise 6     Vaccinium scoparium small blueberry, grouseberry 8 
Sunrise 6     Valeriana sitchensis sitka valerian 4 
Sunrise 6       rock 0 
Sunrise 6       grass 15 
Sunrise 6       bare 50 
Sunrise 6       coarse woody debris 0 
Sunrise 7 A. lasiocarpa 16       
Sunrise 7 C. nootkatensis 4       
Sunrise 7 P. albicaulis 5       
Sunrise 7     Eucephalus ledophyllus var. ledophyllus Cascade aster <1 
Sunrise 7     Ligusticum grayi Grey's lovage <1 
Sunrise 7     Luzula glabrata var. hitchcockii smooth woodrush 4 
Sunrise 7     Pedicularis contorta coiled-beak lousewort <1 
Sunrise 7     Pedicularis racemosa sickletop lousewort 5 
Sunrise 7     Phyllodoce empetriformis red mountain heather 15 
Sunrise 7     Polemonium pulcherrimum var. calycinum showy pelemonium <1 
Sunrise 7     unknown yellow aster unknown yellow aster <1 
Sunrise 7     Vaccinium deliciosum Rainier blueberry 15 
Sunrise 7     Vaccinium ovatum var. ovatum evergreen huckleberry 1 
Sunrise 7     Vaccinium scoparium small blueberry, grouseberry 30 
Sunrise 7     Valeriana sitchensisa sitka valerian 12 
Sunrise 7     Veratrum viride false hellebore <1 
Sunrise 7       rock 2 
Sunrise 7       grass 4 
Sunrise 7       bare 25 
Sunrise 7       coarse woody debris 3 
Sunrise 8 A. lasiocarpa 40       
Sunrise 8 P. albicaulis 6       
Sunrise 8     Achillea millefolium yarrow 1 
Sunrise 8     Castilleja applegatei magenta paintbrush <1 
Sunrise 8     Erigeron peregrinus var. callianthemus subalpine daisy 3 
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Appendix A (continued) 
 
Sunrise 8     Eucephalus ledophyllus var. ledophyllus Cascade aster 7 
Sunrise 8     Ligusticum grayi Grey's lovage 2 
Sunrise 8     Lupinus arcticus alpine lupin 5 
Sunrise 8     Luzula glabrata var. hitchcockii smooth woodrush 2 
Sunrise 8     Pedicularis bracteosa bracted lousewort 1 
Sunrise 8     Pedicularis contorta coiled-beak lousewort 1 
Sunrise 8     Penstemon sp. penstemon <1 
Sunrise 8     Phlox diffusa spreading phlox 6 
Sunrise 8     Phyllodoce empetriformis red mountain red mountain heather 10 
Sunrise 8     Potentilla flabellifolia fan-leaf cinquefoil <1 
Sunrise 8     unknown aster unknown aster <1 
Sunrise 8     Vaccinium deliciosum Rainier blueberry 2 
Sunrise 8     Vaccinium scoparium small blueberry, grouseberry 15 
Sunrise 8     Valeriana sitchensisa sitka valerian 18 
Sunrise 8     Veratrum viride false hellebore <1 
Sunrise 8     Xerophyllum tenax beargrass <1 
Sunrise 8       rock 0 
Sunrise 8       grass 5 
Sunrise 8       bare 40 
Sunrise 8       coarse woody debris 2 
Sunrise 9 A. lasiocarpa 30       
Sunrise 9 P. albicaulis 2       
Sunrise 9     Achillea millefolium yarrow 1 
Sunrise 9     Antennaria media alpine pussytoes 1 
Sunrise 9     Arenaria capillaris var. americana slender mountain sandwort 1 
Sunrise 9     Castilleja applegatei magenta paintbrush <1 
Sunrise 9     Erigeron peregrinus var. callianthemus subalpine daisy <1 
Sunrise 9     Gentian calycosa Rainier pleated gentian 1 
Sunrise 9     Lupinus arcticus alpine lupin 2 
Sunrise 9     Luzula glabrata var. hitchcockii smooth woodrush 1 
Sunrise 9     Phlox diffusa spreading phlox 5 
Sunrise 9     Polemonium pulcherrimum var. calycinum showy pelemonium 3 
Sunrise 9     Ribes acerfolium mapleleaf currant 2 
Sunrise 9     Vaccinium scoparium small blueberry, grouseberry 13 
Sunrise 9     Valeriana sitchensisa sitka valerian 15 
Sunrise 9       rock 0 
Sunrise 9       grass 5 
Sunrise 9       bare 40 
Sunrise 9       coarse woody debris 1 
Sunrise 10 A. lasiocarpa 20       
Sunrise 10 P. albicaulis 10       
Sunrise 10     Anemone occidentalis western anemone 3 
Sunrise 10     Castilleja applegatei magenta paintbrush <1 
Sunrise 10     Erigeron peregrinus var. callianthemus subalpine daisy 1 
Sunrise 10     Gentian calycosa Rainier pleated gentian 1 
Sunrise 10     Luetkea pectinata partridgefoot 3 
Sunrise 10     Luzula glabrata var. hitchcockii smooth woodrush 3 
Sunrise 10     Pedicularis contorta coiled-beak lousewort 2 
Sunrise 10     Phyllodoce empetriformis red mountain red mountain heather 4 
Sunrise 10     Potentilla flabellifolia fan-leaf cinquefoil 1 
Sunrise 10     Vaccinium deliciosum Rainier blueberry 5 
Sunrise 10     Vaccinium scoparium small blueberry, grouseberry 1 
Sunrise 10     Valeriana sitchensisa sitka valerian 1 
Sunrise 10       rock 6 
Sunrise 10       grass 1 
Sunrise 10       bare 25 
Sunrise 10       coarse woody debris 0 
Sunrise 11 A. lasiocarpa 4       
Sunrise 11 P. albicaulis 3       
Sunrise 11     Eriogonum pyrofolium alpine buckwheat, dirty socks 2 
Sunrise 11     Ligusticum grayi Grey's lovage 2 
Sunrise 11     Lupinus arcticus subalpine lupin 1 
Sunrise 11     Pedicularis contorta coiled-beak lousewort 1 
Sunrise 11     Phlox diffusa spreading phlox 4 
Sunrise 11     Phyllodoce empetriformis red mountain heather 1 
Sunrise 11     Polygonum newberryi knotweed/fleeceflower 1 
Sunrise 11     Potentilla flabellifolia fan-leaf cinquefoil 2 
Sunrise 11     unknown unknown 2 
Sunrise 11       rock & coarse woody debris 0 
Sunrise 11       grass 12 
Sunrise 11       bare 60 
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Sunrise 12 A. lasiocarpa 1       
Sunrise 12 P. albicaulis 1       
Sunrise 12     Castilleja applegatei magenta paintbrush 1 
Sunrise 12     Eucephalus ledophyllus var. ledophyllus Cascade aster 1 
Sunrise 12     Luetkea pectinata partridgefoot 1 
Sunrise 12     Lupinus arcticus alpine lupin 1 
Sunrise 12     Luzula glabrata var. hitchcockii smooth woodrush 1 
Sunrise 12     Pedicularis rainierensis Mt. Rainier lousewort 1 
Sunrise 12     Phyllodoce empetriformis red mountain heather 15 
Sunrise 12     unknown   unknown   1 
Sunrise 12     unknown yellow aster unknown yellow aster 1 
Sunrise 12     Veronica cusickii Cusick's speedwell 1 
Sunrise 12       rock 45 
Sunrise 12       grass 1 
Sunrise 12       bare 30 
Sunrise 12       coarse woody debris 0 
 
Mt. Hood 
Plot  Tree Sp. %  Shrub/Herb Scientific Shrub/Herb Common %  
Timber 1 P. albicaulis 1       
Timber 1 T. mertensiana 1       
Timber 1     Achillea millefolium yarrow 2 
Timber 1     Antennaria media alpine pussytoes 1 
Timber 1     Castilleja applegatei applegate's paintbrush 2 
Timber 1     Eucephalus ledophyllus var. ledophyllus Cascade aster 25 
Timber 1     Luetkea pectinata partridgefoot 5 
Timber 1     Lupinus latifolius var. latifolius broad-leaf lupine 12 
Timber 1     Luzula glabrata var. hitchcockii smooth woodrush 1 
Timber 1     Penstemon davidsonii Davidson's penstemon 1 
Timber 1     Polygonum newberryi knotweed/fleeceflower 1 
Timber 1     Sorbus sitchensis var. grayi Sitka mountain ash 3 
Timber 1       rock 0 
Timber 1       grass 20 
Timber 1       bare 15 
Timber 1       coarse woody debris 5 
Timber 2 A. lasiocarpa 1       
Timber 2 P. albicaulis 2       
Timber 2 T. mertensiana 1       
Timber 2     Antennaria media alpine pussytoes 1 
Timber 2     Castilleja applegatei magenta paintbrush 1 
Timber 2     Eucephalus ledophyllus var. ledophyllus Cascade aster 10 
Timber 2     Juniperus communis juniper 8 
Timber 2     Luetkea pectinata partridgefoot 5 
Timber 2     Lupinus latifolius var. latifolius broad-leaf lupine 6 
Timber 2     Pedicularis racemosa sickletop lousewort 1 
Timber 2     Sorbus sitchensis var. grayi Sitka mountain ash 1 
Timber 2     Vaccinium ovalifolium early blueberry 3 
Timber 2       rock 15 
Timber 2       grass 25 
Timber 2       bare 30 
Timber 2       coarse woody debris 1 
Timber 4 A. lasiocarpa 2       
Timber 4 P. albicaulis 1       
Timber 4 T. mertensiana 2       
Timber 4     Eriogonum sp. buckwheat 2 
Timber 4     Eucephalus ledophyllus var. ledophyllus Cascade aster 3 
Timber 4     Luetkea pectinata partridgefoot 4 
Timber 4     Lupinus latifolius var. latifolius broad-leaf lupine 6 
Timber 4     Polygonum newberryi knotweed/fleeceflower 3 
Timber 4       rock 2 
Timber 4       grass 4 
Timber 4       bare 75 
Timber 4       coarse woody debris 0 
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Appendix A (continued) 
 
Timber 5 A. lasiocarpa 5       
Timber 5 P. albicaulis 2       
Timber 5 T. mertensiana 6       
Timber 5     Arnica latifolia var. gracilis mountain arnica 1 
Timber 5     Eucephalus ledophyllus cascade aster 1 
Timber 5     Luetkea pectinata partridgefoot 5 
Timber 5     Lupinus latifolius var. latifolius broad-leaf lupine 1 
Timber 5     Pedicularis racemosa sickletop lousewort 2 
Timber 5     Polemonium pulcherrimum var. calycinum skunk-leaved polemonium 1 
Timber 5     Sorbus sitchensis var. grayi Sitka mountain ash 2 
Timber 5     Valerian sitchensis sitka valarian 3 
Timber 5       rock 2 
Timber 5       grass 1 
Timber 5       bare 60 
Timber 5       coarse woody debris 2 
Timber 6 A. lasiocarpa 2       
Timber 6 P. albicaulis 1       
Timber 6 T. mertensiana 15       
Timber 6     Arnica latifolia var. gracilis mountian arnica 1 
Timber 6     Eucephalus ledophyllus cascade aster 3 
Timber 6     Luetkea pectinata partridgefoot 5 
Timber 6     Lupinus latifolius var. latifolius broad-leaf lupine 4 
Timber 6     Luzula glabrata var. hitchcockii smooth woodrush 3 
Timber 6     Pedicularis racemosa sickletop lousewort 2 
Timber 6     Polygonum newberryi knotweed/fleeceflower 2 
Timber 6     Sorbus sitchensis var. grayi Sitka mountain ash 1 
Timber 6       rock 0 
Timber 6       grass 5 
Timber 6       bare 50 
Timber 6       coarse woody debris 1 
 
Mt. Bachelor & Tumelo Mtn. 
Plot  Tree Sp. %  Shrub/Herb Scientific Shrub/Herb Common %  
Bach 1 P. albicaulis 50       
Bach 1     Castilleja hispida Castilleja sp. 1 
Bach 1     Luetkea pectinata partridgefoot 3 
Bach 1     Penstemon davidsonii Davidson's penstemon 1 
Bach 1     unknown aster unknown aster 1 
Bach 1       rock 40 
Bach 1       grass 1 
Bach 1       bare 50 
Bach 1       coarse woody debris 3 
Bach 2 P. albicaulis 4       
Bach 2 P. contorta 1       
Bach 2 T. mertensiana 2       
Bach 2     Castilleja hispida harsh paintbrush 1 
Bach 2     Luetkea pectinata partridgefoot 1 
Bach 2     Luzula glabrata var. hitchcockii smooth woodrush 1 
Bach 2     Penstemon sp. penstemon 2 
Bach 2       rock 60 
Bach 2       grass 1 
Bach 2       bare 35 
Bach 2       coarse woody debris 2 
Bach 3 P. albicaulis 10       
Bach 3 T. mertensiana 2       
Bach 3     Arctostaphylos nevadensis pinemat manzanita 2 
Bach 3     Penstemon sp. penstemon 1 
Bach 3       rock 80 
Bach 3       grass 0 
Bach 3       bare 15 
Bach 3       coarse woody debris 2 
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Bach 4 P. albicaulis 3       
Bach 4 P. contorta 1       
Bach 4 T. mertensiana 1       
Bach 4     Anaphalis margaritacea pearly everlasting 1 
Bach 4     Castilleja hispida harsh paintbrush 1 
Bach 4     Eriogonum sp. buckwheat 2 
Bach 4     Penstemon sp. penstemon 3 
Bach 4       rock 85 
Bach 4       grass 5 
Bach 4       bare 4 
Bach 4       coarse woody debris 0 
Tum 1 P. albicaulis 5       
Tum 1 P. contorta 1       
Tum 1     Castilleja arachnoidea cobwebby paintbrush 1 
Tum 1     Eriogonum sp. buckwheat 5 
Tum 1     Lupinus lepidus var lobii low mountain lupine 5 
Tum 1     Polygonum newberryi knotweed/fleeceflower 5 
Tum 1       rock 2 
Tum 1       grass 5 
Tum 1       bare 75 
Tum 1       coarse woody debris 0 
Tum 2 P. albicaulis 45       
Tum 2     Eriogonum sp. buckwheat 1 
Tum 2     Lupinus lepidus var lobii low mountain lupine 2 
Tum 2     Penstemon sp. penstemon 1 
Tum 2     Polemonium pulcherrimum var. calycinum skunk-leaved polemonium 2 
Tum 2       rock 1 
Tum 2       grass 2 
Tum 2       bare 85 
Tum 2       coarse woody debris 1 
Tum 3 P. albicaulis 1       
Tum 3 P. contorta 2       
Tum 3     Castilleja arachnoidea cobwebby paintbrush 1 
Tum 3     Eriogonum sp. buckwheat 5 
Tum 3     Lupinus lepidus var lobii low mountain lupine 10 
Tum 3     Polygonum newberryi knotweed/fleeceflower 4 
Tum 3       rock 2 
Tum 3       grass 4 
Tum 3       bare 75 
Tum 3       coarse woody debris 0 
 
Crater Lake 
Plot  Tree Sp. %  Shrub/Herb Scientific Shrub/Herb Common %  
Cloudcap 1 P. albicaulis 45       
Cloudcap 1     Antenarria media alpine pussytoes 1 
Cloudcap 1     Calyptridium umbellatum pussypaws <1 
Cloudcap 1     Eriogonum ovalifolium buckwheat 21 
Cloudcap 1     Lupinus andersonii Anderson's lupin 1 
Cloudcap 1     Luzula glabrata var. hitchcockii smooth woodrush 25 
Cloudcap 1     unknown yellow aster unknown yellow aster <1 
Cloudcap 1       rock 0 
Cloudcap 1       grass 25 
Cloudcap 1       bare 40 
Cloudcap 1       coarse woody debris 0 
Cloudcap 2 P. albicaulis 30       
Cloudcap 2     Arnica cordifolia heart-leaf arnica <1 
Cloudcap 2     Carex sp. sedge 10 
Cloudcap 2     Eriogonum ovalifolium buckwheat <1 
Cloudcap 2     Lomatium martindalei var. martindalei Martindale's lomatium <1 
Cloudcap 2     Lupinus andersonii Anderson's lupin 1 
Cloudcap 2     Luzula glabrata var. hitchcockii smooth woodrush 15 
Cloudcap 2     Polygonum newberryi knotweed/fleeceflower <1 
Cloudcap 2       rock 1 
Cloudcap 2       grass 3 
Cloudcap 2       bare 60 
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Cloudcap 2       coarse woody debris 0 
Dutton 1 P. albicaulis 15       
Dutton 1 T. mertensiana 4       
Dutton 1     Calyptridium umbellatum pussypaws <1 
Dutton 1     Castilleja arachnoidea cobwebby paintbrush <1 
Dutton 1     Eriogonum ovalifolium buckwheat 2 
Dutton 1     Lomatium martindalei var. martindalei Martindale's lomatium <1 
Dutton 1     Lupinus andersonii Anderson's lupin 4 
Dutton 1     Polygonum newberryi knotweed/fleeceflower 4 
Dutton 1     unknown umbellifera unknown umbellifera <1 
Dutton 1       rock 0 
Dutton 1       grass 10 
Dutton 1       bare 65 
Dutton 1       coarse woody debris 0 
Dutton 2 P. albicaulis 40       
Dutton 2     Castilleja arachnoidea  cobwebby paintbrush  <1 
Dutton 2     Ericameria bloomeri rabbitbrush goldenweed 1 
Dutton 2     Eriogonum sp. buckwheat <1 
Dutton 2     Eucephalus ledophyllus cascade aster 2 
Dutton 2     Lupinus andersonii Anderson's lupin 2 
Dutton 2     Phacelia hastata var. compacta mountain phacelia 1 
Dutton 2     Polygonum newberryi knotweed/fleeceflower 2 
Dutton 2       rock 0 
Dutton 2       grass 4 
Dutton 2       bare 80 
Dutton 2       coarse woody debris 1 
Dutton 3 P. albicaulis 20       
Dutton 3     Calyptridium umbellatum pussypaws >1 
Dutton 3     Castilleja arachnoidea cobwebby paintbrush >1 
Dutton 3     Ericameria bloomeri rabbitbrush goldenweed 1 
Dutton 3     Eriogonum ovalifolium buckwheat >1 
Dutton 3     Lupinus andersonii Anderson's lupin >1 
Dutton 3     Polygonum newberryi knotweed/fleeceflower >1 
Dutton 3       rock 1 
Dutton 3       grass 3 
Dutton 3       bare 90 
Dutton 3       coarse woody debris 6 
Hillman 1 P. albicaulis 15       
Hillman 1     Crater Lake currant Crater Lake currant 12 
Hillman 1     Ericameria bloomeri rabbitbrush goldenweed 12 
Hillman 1     Eriogonum sp. buckwheat 1 
Hillman 1     Eucephalus ledophyllus cascade aster 1 
Hillman 1     Lupinus andersonii Anderson's lupin 1 
Hillman 1     Phlox diffusa spreading phlox 8 
Hillman 1     Pinus albicaulis whitebark pine seedling 1 
Hillman 1     Polygonum newberryi knotweed/fleeceflower 2 
Hillman 1     unknown unknown 2 
Hillman 1       rock 0 
Hillman 1       grass 20 
Hillman 1       bare 40 
Hillman 1       coarse woody debris 0 
Hillman 2 P. albicaulis 25       
Hillman 2 T. mertensiana 1       
Hillman 2     Crater Lake currant Crater Lake currant <1 
Hillman 2     Ericameria bloomeri rabbitbrush goldenweed 3 
Hillman 2     Eriogonum sp. buckwheat <1 
Hillman 2     Lupinus andersonii Anderson's lupin 2 
Hillman 2     Penstemon davidsonii Davidson's penstemon 2 
Hillman 2     Phlox diffusa spreading phlox 3 
Hillman 2     Polygonum newberryi knotweed/fleeceflower 1 
Hillman 2       rock 12 
Hillman 2       grass 1 
Hillman 2       bare 80 
Hillman 2       coarse woody debris 0 
Llao 1 P. albicaulis 35       
Llao 1 T. mertensiana 2       
Llao 1     Crater Lake currant Crater Lake currant <1 
Llao 1     Epilobium alpinum var. lactiflorum alpine willow herb 8 
Llao 1     Ericameria bloomeri rabbitbrush goldenweed 2 
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Llao 1     Eriogonum ovalifolium buckwheat 2 
Llao 1     Holodiscus microphyllus sticky oceanspray <1 
Llao 1     Lomatium martindalei var. martindalei Martindale's lomatium <1 
Llao 1     Lupinus andersonii  Anderson's lupin  <1 
Llao 1     Phacelia hastata var. compacta mountain phacelia <1 
Llao 1     Polygonum newberryi knotweed/fleeceflower <1 
Llao 1       rock 0 
Llao 1       grass 8 
Llao 1       bare 65 
Llao 1       coarse woody debris 0 
Llao 2 P. albicaulis 45       
Llao 2 P. ponderosa 2       
Llao 2 T. mertensiana 20       
Llao 2     Luzula glabrata var. hitchcockii smooth woodrush 65 
Llao 2       rock 0 
Llao 2       grass 5 
Llao 2       bare 15 
Llao 2       coarse woody debris 0 
Llao 3 P. albicaulis 60       
Llao 3     Arnica cordifolia heart-leaf arnica 2 
Llao 3     Lupinus andersoniie Anderson's lupine <1 
Llao 3     Luzula glabrata var. hitchcockii smooth woodrush 4 
Llao 3     Phlox diffusa spreading phlox <1 
Llao 3       rock 0 
Llao 3       grass 3 
Llao 3       bare 75 
Llao 3       coarse woody debris 0 
Mt. Scott 1 P. albicaulis 10       
Mt. Scott 1     Castilleja arachnoidea cobwebby paintbrush <1 
Mt. Scott 1     Ericameria bloomeri rabbitbrush goldenweed <1 
Mt. Scott 1     Eriogonum ovalifolium buckwheat 2 
Mt. Scott 1     Lomatium martindalei var. martindalei Martindale's lomatium <1 
Mt. Scott 1     Lupinus andersonii Anderson's lupin 2 
Mt. Scott 1     Polygonum newberryi knotweed/fleeceflower 2 
Mt. Scott 1       rock 0 
Mt. Scott 1       grass 4 
Mt. Scott 1       bare 85 
Mt. Scott 1       coarse woody debris 0 
Mt. Scott 2 P. albicaulis 35       
Mt. Scott 2     Arnica cordifolia heart-leaf arnica <1 
Mt. Scott 2     Castilleja arachnoidea cobwebby paintbrush 1 
Mt. Scott 2     Eriogonum ovalifolium buckwheat <1 
Mt. Scott 2     Lomatium martindalei var. martindalei Martindale's lomatium <1 
Mt. Scott 2     Penstemon davidsonii Davidson's penstemon 3 
Mt. Scott 2     Polygonum newberryi knotweed/fleeceflower <1 
Mt. Scott 2       rock 2 
Mt. Scott 2       grass 2 
Mt. Scott 2       bare 90 
Mt. Scott 2       coarse woody debris 1 
Mt. Scott 3 P. albicaulis 30       
Mt. Scott 3     Arnica cordifolia heart-leaf arnica 1 
Mt. Scott 3     Lupinus andersonii  Anderson's lupin  <1 
Mt. Scott 3     Penstemon davidsonii Davidson's penstemon 3 
Mt. Scott 3       rock 15 
Mt. Scott 3       grass 0 
Mt. Scott 3       bare 95 
Mt. Scott 3       coarse woody debris 0 
Watchman 1 P. albicaulis 50       
Watchman 1     Castilleja applegatei applegate's paintbrush <1 
Watchman 1     Penstemon davidsonii Davidson's penstemon 2 
Watchman 1     Phlox diffusa spreading phlox <1 
Watchman 1       rock 30 
Watchman 1       grass 3 
Watchman 1       bare 65 
Watchman 1       coarse woody debris 0 
West Rim 1 P. albicaulis 1       
West Rim 1 T. mertensiana 3       
West Rim 1     Calyptridium umbellatum pussypaws 1 
West Rim 1     Castilleja arachnoidea cobwebby paintbrush 2 
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West Rim 1     Ericameria bloomeri rabbitbrush goldenweed 3 
West Rim 1     Eriogonum sp. buckwheat 5 
West Rim 1     Lupinus andersonii Anderson's lupin 3 
West Rim 1     Phlox diffusa spreading phlox 6 
West Rim 1     Polygonum newberryi knotweed/fleeceflower 1 
West Rim 1       rock 2 
West Rim 1       grass 10 
West Rim 1       bare 70 
West Rim 1       coarse woody debris 0 
West Rim 2 P. albicaulis 3       
West Rim 2 T. mertensiana 8       
West Rim 2     Amelanchier alnifolia western serviceberry <1 
West Rim 2     Arctostaphylos nevadensis pinemat manzanita 45 
West Rim 2     Epilobium alpinum var. lactiflorum alpine willow herb 1 
West Rim 2     Ericameria bloomeri rabbitbrush goldenweed 1 
West Rim 2     Eriogonum sp. buckwheat 2 
West Rim 2     Hieracium sp. hawkweed <1 
West Rim 2     Phlox diffusa spreading phlox 3 
Wizard 1     Arctostaphylos nevadensis pinemat manzanita 6 
Wizard 1     Castilleja applegatei applegate's paintbrush <1 
Wizard 1     Penstemon davidsonii davidsonii Davidson's Davidson's penstemon 4 
Wizard 1       rock 20 
Wizard 1       grass 1 
Wizard 1       bare 70 
Wizard 1       coarse woody debris 0 
Wizard 1  P. albicaulis 5       
Wizard 1  T. mertensiana 25       
Wizard 2 P. albicaulis 3       
Wizard 2     Arctostaphylos nevadensis pinemat manzanita 6 
Wizard 2     Castilleja applegatei applegate's paintbrush 2 
Wizard 2     Eriogonum sp. buckwheat 2 
Wizard 2     Holodiscus microphyllus sticky oceanspray 1 
Wizard 2     Penstemon davidsonii davidsonii Davidson's Davidson's penstemon 5 
Wizard 2       phycelia <1 
Wizard 2       rock 15 
Wizard 2       grass 1 
Wizard 2       bare 75 
Wizard 2       coarse woody debris 4 
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Appendix B.  Cronartium ribicola-infected specimens from observational and inoculation 
study plots in 2008 & 2009.  Specimens deposited in the OSU (OSC) Mycological 
Herbarium. 
 
Sample Scientific Name Date Location Plot 
72 Cronartium ribicola Fisch.; Host: Ribes howellii  8/29/2008 Mt. Rainier Sunrise 9 
73 Cronartium ribicola Fisch.; Host:  Ribes howellii  8/29/2008 Mt. Rainier Sunrise 9 
115 Cronartium ribicola Fisch.; Host:  Pedicularis racemosa 9/14/2008 Mt. Rainier Sunrise 5 
118 Cronartium ribicola Fisch.; Host: Ribes howellii  9/15/2008 Mt. Rainier Sunrise 9 
134 Cronartium ribicola Fisch.; Host:  Ribes erythrocarpum 9/22/2008 Crater Lake Hillman Peak 1 
135 Cronartium ribicola Fisch.; Host:  Ribes erythrocarpum 9/22/2008 Crater Lake Hillman Peak 2 
136 Cronartium ribicola Fisch.; Host:  Ribes erythrocarpum 9/22/2008 Crater Lake Hillman Peak 2 
138 Cronartium ribicola Fisch.; Host:  Ribes erythrocarpum 9/22/2008 Crater Lake Hillman Peak 2 
140 Cronartium ribicola Fisch.; Host:  Ribes erythrocarpum 9/22/2008 Crater Lake North Junction 
151 Cronartium ribicola Fisch.; Host:  Pedicularis racemosa 9/25/2008 Mt. Rainier Sunrise 5 
309 Cronartium ribicola Fisch.; Host: Ribes howellii  8/23/2009 Mt. Hood Timberline 
312 Cronartium ribicola Fisch.; Host: Ribes howellii  8/24/2009 Mt. Hood Timberline 
313 Cronartium ribicola Fisch.; Host: Ribes howellii  8/24/2009 Mt. Hood Timberline 
319 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 7/28/2009 Mt. Hood Timberline 2 
320 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 7/28/2009 Mt. Hood Timberline 2 
321 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 7/28/2009 Mt. Hood Timberline 3 
322 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 8/5/2009 Mt. Hood Timberline 5 
323 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 8/5/2009 Mt. Hood Timberline 6 
325 Cronartium ribicola Fisch.; Host: Castilleja arachnoidea  8/11/2009 Crater Lake Inoculation 4  
326 Cronartium ribicola Fisch.; Host: Pedicularis groenlandica  8/13/2009 Crater Lake Inoculation 6  
327 Cronartium ribicola Fisch.; Host: Pedicularis groenlandica  8/13/2009 Crater Lake Inoculation 6  
328 Cronartium ribicola Fisch.; Host: Pedicularis groenlandica  8/13/2009 Crater Lake Inoculation 6  
331 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 8/16/2009 Mt. Rainier Inoculation 8 
334 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 8/17/2009 Mt. Rainier Sunrise 5 
336 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 8/23/2009 Mt. Hood Timberline 5 
337 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 8/23/2009 Mt. Hood Timberline 6 
339 Cronartium ribicola Fisch.; Host: Ribes howellii  8/23/2009 Mt. Hood Timberline 
340 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 8/24/2009 Mt. Hood Timberline 3 
342 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 8/24/2009 Mt. Hood Timberline 2 
345 Cronartium ribicola Fisch.; Host: Castilleja applegatei  9/3/2009 Crater Lake Wizard Island 2 
346 Cronartium ribicola Fisch.; Host: Castilleja arachnoidea  9/3/2009 Crater Lake Inoculation 4  
347 Cronartium ribicola Fisch.; Host: Ribes erythrocarpum 9/3/2009 Crater Lake North Junction 
349 Cronartium ribicola Fisch.; Host: Ribes erythrocarpum 9/4/2009 Crater Lake Hillman Peak 1 
350 Cronartium ribicola Fisch.; Host: Ribes erythrocarpum 9/4/2009 Crater Lake Hillman Peak 2 
351 Cronartium ribicola Fisch.; Host: Pedicularis groenlandica  9/4/2009 Crater Lake Inoculation 6  
353 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/9/2009 Mt. Rainier Sunrise 7 
355 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/9/2009 Mt. Rainier Inoculation 4   
359 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/10/2009 Mt. Rainier Sunrise 5 
361 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/10/2009 Mt. Rainier Inoculation 8 
364 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/15/2009 Mt. Hood Timberline 2 
365 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/15/2009 Mt. Hood Timberline 3 
366 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/15/2009 Mt. Hood Timberline 5 
367 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/16/2009 Mt. Hood Timberline 6 
371 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/24/2009 Mt. Rainier Sunrise 2 
372 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/24/2009 Mt. Rainier Sunrise 5 
373 Cronartium ribicola Fisch.; Host: Ribes howellii  9/24/2009 Mt. Rainier Sunrise 9 
378 Cronartium ribicola Fisch.; Host: Ribes howellii  9/15/2009 Mt. Hood Timberline  
379 Cronartium ribicola Fisch.; Host: Ribes howellii  9/15/2009 Mt. Hood Timberline  
381 Cronartium ribicola Fisch.; Host: Pedicularis racemosa 9/15/2009 Mt. Hood Timberline 2 
382 Cronartium ribicola Fisch.; Host: Ribes erythrocarpum 9/16/2009 Crater Lake North Junction 
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Appendix C.  Cronartium  ribicola-infected specimens from growth chamber inoculation 
experiments.  Specimens deposited in OSU (OSC) Mycological Herbarium. 
 
No. Scientific Name Date Signs Exp. 
152 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/13/2009 Telia 1 
153 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/13/2009 Telia 1 
154 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/13/2009 Telia 1 
155 Cronartium ribicola Fisch.; Host: Castilleja arachnoidea  5/13/2009 Telia 1 
156 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/13/2009 Telia 1 
157 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/13/2009 Telia 1 
158 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/13/2009 Telia 1 
159 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/13/2009 Telia 1 
160 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/13/2009 Telia 1 
161 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/13/2009 Telia 1 
162 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/13/2009 Telia 1 
163 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/13/2009 Telia 1 
164 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/13/2009 Telia 1 
166 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/19/2009 Telia 1 
167 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/19/2000 Telia 1 
168 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/19/1991 Telia 1 
169 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/19/1982 Telia 1 
170 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/19/1973 Telia 1 
171 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/19/1964 Telia 1 
172 Cronartium ribicola Fisch.; Host: Castilleja parviflora var. oreopola 5/19/1955 Telia 1 
173 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/19/1946 Telia 1 
174 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/19/1937 Telia 1 
175 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/19/1928 Telia 1 
176 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/19/1919 Telia 1 
177 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/19/1910 Telia 1 
178 Cronartium ribicola Fisch.; Host: Ribes nigrum 5/19/1901 Telia 1 
181 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/27/2009 Basidia 1 
182 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
183 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/27/2009 Basidia 1 
184 Cronartium ribicola Fisch.; Host: Castilleja parviflora var. oreopola 5/27/2009 Basidia 1 
185 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
186 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
187 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
188 Cronartium ribicola Fisch.; Host: Castilleja arachnoidea  5/27/2009 Basidia 1 
189 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
190 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
191 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
192 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/27/2009 Basidia 1 
193 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
194 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
195 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
196 Cronartium ribicola Fisch.; Host: Castilleja applegatei  5/27/2009 Basidia 1 
197 Cronartium ribicola Fisch.; Host: Castilleja miniata 5/27/2009 Basidia 1 
198 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
199 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
200 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
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Appendix C (continued) 
 
201 Cronartium ribicola Fisch.; Host: Castilleja applegatei  6/24/2009 Telia 2 
202 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
203 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
204 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
205 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
206 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
207 Cronartium ribicola Fisch.; Host: Castilleja applegatei  6/24/2009 Telia 2 
208 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
209 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
210 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
211 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
212 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
213 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 No telia 2 
214 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
215 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
216 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
217 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
218 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
219 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
220 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
221 Cronartium ribicola Fisch.; Host: Castilleja applegatei  6/24/2009 Telia 2 
222 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
223 Cronartium ribicola Fisch.; Host: Castilleja applegatei  6/24/2009 Telia 2 
224 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
225 Cronartium ribicola Fisch.; Host: Ribes nigrum 6/24/2009 Telia 2 
226 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
227 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
228 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
229 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
230 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telial initials 2 
231 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telial initials 2 

232 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia, poss. 
uredinia 2 

233 Cronartium ribicola Fisch.; Host: Castilleja applegatei  6/24/2009 Telia 2 
234 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
235 Cronartium ribicola Fisch.; Host: Castilleja miniata 6/24/2009 Telia 2 
236 Cronartium ribicola Fisch.; Host: Castilleja applegatei  6/24/2009 No telia 2 
237 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
238 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
239 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
240 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telial initials 2 
241 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
242 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
243 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
244 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
245 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
246 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
247 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
248 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
249 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
250 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
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Appendix C (continued) 
 
251 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
252 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
253 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
254 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
255 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
256 Cronartium ribicola Fisch.; Host: Castilleja applegatei  7/3/2009 Telia 2 
257 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
258 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
259 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
260 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
261 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
262 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
263 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
264 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 No telia 2 
265 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 

266 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia, poss. 
Uredinia 2 

267 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
268 Cronartium ribicola Fisch.; Host: Castilleja applegatei  7/3/2009 Telia 2 
269 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
270 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
271 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
272 Cronartium ribicola Fisch.; Host: Castilleja applegatei  7/3/2009 Telia 2 
273 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/3/2009 Telia 2 
274 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia 2 
275 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia 2 
276 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia 2 
277 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia 2 
278 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia 2 
279 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 No telia 2 
280 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia 2 
281 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia 2 
282 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia 2 
283 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia  2 
284 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/3/2009 Telia 2 
285 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/11/2009 Basidia 2 
286 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/11/2009 Basidia 2 
287 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/11/2009 Basidia 2 
288 Cronartium ribicola Fisch.; Host: Ribes nigrum 7/11/2009 Basidia 2 
289 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/11/2009 Basidia 2 
290 Cronartium ribicola Fisch.; Host: Castilleja miniata 7/11/2009 Basidia 2 
291 Cronartium ribicola Fisch.; Host: Castilleja applegatei  7/11/2009 Basidia 2 
383 Cronartium ribicola Fisch.; Host: Castilleja applegatei  4/30/2009 Telia 1 

 
 



 

 


