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A study consisting of three parts was undertaken to investigate how 

variation in species interactions, population genetic structure, epidemiological 

parameters, and plant breeding system may influence the ecology and biological 

control of an apomictic invasive plant, Chondrilla juncea (Asteraceae). 

Interactions between natural enemy species may modify their net effect on host 

plants, but little research has been done to examine how plant resistance influences 

species interactions in biological weed control. First, we performed common 

garden experiments with clonal accessions of C. juncea to compare a rust-

susceptible weed biotype with a rust-resistant biotype, both of which are invasive 

in western North America. Inoculations with two biological control organisms, a 



 
 
 

    

rust fungus pathogen (Puccinia chondrillina) and an eriophyid gall mite 

(Eriophyes chondrillae), were applied separately and in combination to test if plant 

performance is modified by antagonistic or facilitative species interactions. We 

found no significant rust x mite interaction effects for several plant traits (shoot 

length, shoot dry biomass, fecundity, rosette growth, and rosette senescence), and 

therefore the two natural enemies appear to have independent and complementary 

effects on plant performance. However, rust inoculation reduced the total dry 

biomass of mite galls in the rust-susceptible biotype by indirect competition due to 

decreased growth of diseased shoots, but not in the rust-resistant biotype. Our 

results indicate that rust disease may have the potential to modify mite gall 

epidemiology and relative plant performance in mixed populations of resistant and 

susceptible C. juncea biotypes. 

In the second part of the study, a monitoring survey of C. juncea was 

conducted in southwest Oregon during 2006 to investigate natural associations in 

the distribution of damage caused by P. chondrillina, E. chondrillae, and the 

cecidomyiid gall midge Cystiphora schmidti. Mite galling was the most aggregated 

type of damage both within and among field sites. Analysis of an allometric 

relationship of shoot growth (biomass versus stem area) indicates that rust disease 

reduced C. juncea growth but only at high stand density, and in general rust 

disease was the most randomly distributed type of damage within sites. There was 

no evidence from the field survey to support a species interaction between the gall 

mite and the rust pathogen, but negative associations were detected between midge 

galling and the damage caused by both of the other natural enemies, which may 



 
 
 

    

indicate species interaction via rust and/or mite interference with C. schmidti 

oviposition. However, this potential antagonism was found only at high stand 

density with relatively high levels of damage caused by each natural enemy, and 

so the overall impact of biological control probably is not strongly diminished by 

enemy interference.  

The third part of the study was a mathematical model of inheritance and 

genetic equilibrium in meiotic diplospory, which is an unusual mechanism of 

gametophytic apomixis occurring in invasive populations of C. juncea and also in 

triploid dandelions (Taraxacum officinale). Crossing-over during prophase I of 

meiotic diplospory has the potential to generate genotypic diversity in apomictic 

lineages because it involves homologous recombination without fertilization 

(“subsexual reproduction”). I developed a stage-structured matrix model of 

inheritance in subsexual reproduction using a wide range of probabilities for 

recombination and mutation to assess the range of equilibrium conditions under 

which genotypic diversity is stable in obligately apomictic lines. The analysis 

supports predictions of genotypic diversity when rates of crossing-over and 

mutation are not highly imbalanced. Therefore subsexual reproduction remains 

mathematically plausible as a contributing factor to the quantitative variation in 

disease resistance and ecological traits of invasive C. juncea found in this study 

and others. 
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Ecology and Biological Control of an Apomictic Invasive Plant,  
Chondrilla juncea (Asteraceae). 

 
Chapter 1: General Introduction 

 

The movement of biological organisms for agricultural and domestic 

purposes is an inherent characteristic of human civilization (Mack et al., 2000; 

Pimentel et al., 2000; Myers and Bazely, 2003). Many plant species have been 

introduced beyond the range of their native distributions as crops and ornamentals, 

and accidental introductions of weeds are frequently caused by the activities of 

commerce, transportation and agriculture (Mack et al., 2000; Myers and Bazely, 

2003). Invasive plants cause serious economic and environmental problems due to 

competitive reductions of crop yield, interference with agricultural practices and 

domestic infrastructure, the alteration of natural ecosystem functions such as 

disturbance regimes and nutrient cycles, and reductions in the abundance and 

diversity of native plant species. The invasibility of vegetation communities also is 

enhanced by human modification of the landscape. Therefore plant invasions are a 

major cause and a consequence of global change in today’s environment, and 

billions of dollars are spent annually to manage and control weeds (Pimentel et al., 

2000; Myers and Bazely, 2003). The economic costs of invasive plants are far 

more difficult to estimate when considering the benefits of ecosystem services 

which are provided by native plant communities and their natural ecological 

functions.  

Biological weed control is the use of live natural enemies to reduce 

populations of invasive plants to levels below an economic threshold (Myers and 
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Bazely, 2003; Coombs et al. 2004). Virtually all plants harbor parasitic symbioses 

with natural enemies such as pathogenic fungi, bacteria, viruses, nematodes, and 

gall-forming herbivorous insects and mites (Crawley, 1992; Agrios, 1997). 

“Classical” biological weed control involves the inoculation and establishment of 

small numbers of natural enemies in field populations (Coombs et al., 2004). This 

approach provides durable long-term control because epidemic outbreaks of 

natural enemies may diminish plant growth and cause regulation of host plant 

populations (Burdon, 1987). Introduced plants that have escaped their indigenous 

natural enemies may have evolved lower resistance to biological control organisms 

before agents are released (Mitchell and Power, 2003).  

An ecological perspective -- focused on interactions among plants, natural 

enemies, and abiotic factors in the environment -- is essential to examine the costs, 

benefits, and environmental risks of biological weed control (McEvoy and 

Coombs 1999, 2000; Myers and Bazely, 2003). The concept of the disease triangle 

in plant pathology also addresses the same issue of tripartite ecological interactions 

between host plants, pathogens and the environment (Burdon, 1987; Agrios, 

1997), and therefore the study of biological weed control represents fertile ground 

for a conceptual synthesis between plant ecology and disease epidemiology 

(Burdon, 1987). This integrative perspective should be applied to research 

programs, and investigations also should be extended to address ecological 

interactions among multiple natural enemy species (Hatcher, 1995; McEvoy and 

Coombs 1999, 2000; Morris et al., 2007), because usually several biological 

control organisms are released for the control of an invasive plant (Denoth et al., 
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2003). The presence of multiple natural enemies may influence their population 

distributions on host plants (Pethybridge and Turechek, 2003; Seabloom et al., 

2009), and also may influence the net effect of natural enemies on plant 

performance (Denno and Kaplan, 2007; Kaplan and Denno, 2007; Morris et al., 

2007). In such a manner, species interactions may either diminish or enhance the 

overall effectiveness of biological control (Hatcher, 1995; McEvoy and Coombs 

1999, 2000). 

Population genetic structure is an important attribute of plant invasions to 

consider when making inference of evolutionary change in biological weed control 

(Burdon and Thrall, 2004; Müller-Schärer and Steinger, 2004; Maron and Vilà, 

2008). Adaptive hypotheses often are invoked to explain biological invasions 

(Mitchell and Power, 2003; Hierro et al., 2005), but important microevolutionary 

processes often may be non-adaptive, such as genetic bottlenecks and founder 

effects during the colonization of introduced populations (Ward et al., 2008), 

strong migration pressure during range expansion (Rouget and Richardson, 2003), 

and phenotypic plasticity which may buffer selection pressure (Richards et al., 

2006). Population genetic structure often is evaluated when bioprospecting for 

biological control organisms in their native range (Goolsby et al., 2006; Morin et 

al. 2006) because many plant species possess genetically-based resistance to 

natural enemies (Burdon et al., 1996; Garrett and Mundt, 1999; Burdon and Thrall, 

2004). The genetic susceptibility of host plants is exploited in biological weed 

control by releasing virulent genotypes of natural enemies, in a manner that is 

analogous to breeding for crop resistance (Morin et al., 2006). Therefore it is 
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critical for biological weed control programs to define the responses of 

quantitative plant traits to natural enemies, epidemiological parameters of plant-

enemy associations in the field, and the patterns and potential causes of genetic 

variation (Burdon and Thrall, 2004; Müller-Schärer and Steinger, 2004; Maron 

and Vilà, 2008). Ideally, these properties of plant-enemy interactions would be 

examined in the context of multispecies assemblages before biological control 

releases are implemented.  

The hypothesis that plant reproductive systems may contribute to weed 

invasions is supported by the observation that many of the world’s most 

widespread weeds are apomictic or selfing (Burdon and Marshall, 1981). 

Asexuality may act to retain successful genotypes following founder effects in 

introduced populations, and it also has been proposed that biological control may 

be more successful when used for asexual weeds due to the fixation of susceptible 

plant genotypes (Burdon and Marshall, 1981; but see: Chaboudez and Sheppard, 

1995). Mechanisms of incompatibility and inheritance, however, are often 

complex in plant reproductive systems (Richards, 1997), and they should be 

examined carefully in order to predict their contribution to population genetic 

structure. 

This study investigates the growth and resistance of an apomictic invasive 

plant, Chondrilla juncea (Asteraceae), in response to multiple biological control 

organisms. C. juncea is an important case study in the practice of biological weed 

control because the original release of the rust fungus pathogen Puccinia 

chondrillina in Australia (1971) is the earliest use of a plant pathogen for weed 
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management (Cullen et al., 1973; Julien and Griffiths, 1998). The example of 

Australian C. juncea generally is considered to be one of biological control’s most 

prominent success stories (Myers and Bazely, 2003) because P. chondrillina 

caused a rapid and sustained decline of one widespread weed biotype (Cullen et 

al., 1973; Burdon et al., 1981). (“Biotypes” or “forms” of invasive C. juncea are 

probably taxonomically equivalent to apomictic “microspecies”; cf., Dudman and 

Richards, 1997). However, two resistant C. juncea biotypes in Australia exhibited 

increases in population density following the demise of the susceptible biotype, 

thus demonstrating adaptive evolution of host resistance in response to disease 

(Burdon et al., 1981; Burdon, 1987).  

In the present study North American biotypes of C. juncea are examined in 

response to Oregon populations of biological control organisms three decades after 

their release (Coombs et al., 1995; Julien and Griffiths, 1998). The objective of the 

study is to test the effect of interactions among natural enemy species on each 

other and on C. juncea plant performance (McEvoy and Coombs 1999, 2000; 

Denno and Kaplan, 2007; Kaplan and Denno, 2007), and to define variation in 

ecological traits, population genetic structure, epidemiological parameters, and 

genetic inheritance which may influence the effectiveness of biological control. 

Chapter 2 describes common garden experiments in which multiple weed biotypes 

were inoculated with the rust pathogen P. chondrillina and the gall mite Eriophyes 

chondrillae in combination (Campanella et al., 2009). These experiments are 

possibly the first to accomplish co-infection of two natural enemies on C. juncea 

hosts in a controlled environment, and one of the only investigations of species 
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interactions among biological control organisms on multiple genotypes of an 

invasive plant. Chapter 3 describes a monitoring census of C. juncea stands in 

southwest Oregon which was conducted to measure natural patterns of association 

among three biological control organisms.  It is the first study to report species 

associations among natural enemies of C. juncea in terms of the quantitative 

severity of natural enemy damage. Chapter 4 describes a mathematical model of 

inheritance and genetic equilibrium in Taraxacum-type apomixis (Nogler, 1984). 

The model has implications for the prediction of genotypic variation in obligately 

apomictic lineages of invasive C. juncea (van Dijk, 2003) based on the combined 

role of mutation and meiotic recombination (Darlington, 1936, 1939; van Baarlen 

et al., 2000). 
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Chapter 2: Interaction effects of two biological control organisms on resistant and 
susceptible weed biotypes of Chondrilla juncea in western North America 
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Abstract 

 

Interactions between natural enemy species may modify their net effect on 

host plants, but little research has been done to examine how plant resistance 

influences species interactions in biological weed control. We performed common 

garden experiments with clonal accessions of Chondrilla juncea to compare a rust-

susceptible weed biotype with a rust-resistant biotype, both of which are invasive 

in western North America. Inoculations with two biological control organisms, a 

rust fungus pathogen (Puccinia chondrillina) and an eriophyid gall mite 

(Eriophyes chondrillae), were applied separately and in combination to test if plant 

performance is modified by antagonistic or facilitative species interactions. We 

found no significant rust x mite interaction effects for several plant traits (shoot 

length, shoot dry biomass, fecundity, rosette growth, and rosette senescence), and 

therefore the two natural enemies appear to have independent and complementary 

effects on plant performance. As expected, genetic resistance of weed biotypes 

modified the effects of rust disease on shoots and rosettes, although not for plant 

fecundity. We found no significant biotype x mite effects on plant performance 

traits. However, rust inoculation reduced the total dry biomass of mite galls in the 

rust-susceptible biotype by indirect competition due to decreased growth of 

diseased shoots, but not in the rust-resistant biotype. Our results indicate that rust 

disease may have the potential to modify mite gall epidemiology and relative plant 

performance in mixed populations of resistant and susceptible C. juncea biotypes, 
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though at present the geographic distributions of these North American biotypes 

are mainly separate. 
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Introduction 

 

Ecological interactions in community assemblages of natural enemy 

species are intrinsic to the planning and success of biological weed control 

(Hatcher, 1995; McEvoy and Coombs, 1999, 2000; Denoth et al., 2002). Usually 

multiple species of natural enemy (agents) are introduced for biological control of 

an invasive plant (Denoth et al., 2002), which often results in coexisting plant-

enemy associations following the decline of target plant populations (Burdon and 

Thrall, 2004). However, the environmental risks of biological control, such as the 

spread of agents to non-target plants, require that no more than the sufficient 

number of agents necessary for effective control should be introduced (McEvoy 

and Coombs, 1999, 2000; Denoth et al., 2002). 

Direct and indirect interactions between natural enemy species may modify 

their combined net effect on host plants (Kaplan and Denno, 2007; Morris et al., 

2007). Indirect effects which are mediated by the host plant may function through 

a variety of physiological mechanisms (Denno and Kaplan, 2007). For example, 

reduced shoot growth caused by one natural enemy may lessen the amount of plant 

tissue available to a second enemy, thus decreasing its effect by indirect 

competition (Hatcher, 1995; Denno and Kaplan, 2007). The potential for 

antagonistic interactions (such as competition) to diminish regulation of host plant 

populations is especially important to biological weed control because it would 

defeat the purpose of multi-species introductions (Hatcher, 1995; McEvoy and 

Coombs, 1999, 2000; Zidack, 1999; Rayamajhi et al., 2006; Morris et al., 2007). 
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However, it also has been proposed that facilitative interactions could be used to 

enhance biological control by choosing synergistic combinations of agents 

(Hatcher, 1995; Zidack, 1999; Caesar, 2003; Moran, 2005). Independent 

interactions which result in complementary effects also may benefit biological 

weed control by reducing plant performance in combination more than would be 

accomplished by either natural enemy separately (Hatcher, 1995). 

The regulating effects of biological control also may be modified by the 

genetic structure of host plant populations (Burdon and Thrall, 2004) because 

plant-enemy interactions are commonly genotype-specific (Burdon et al., 1996; 

Garrett and Mundt, 1999; Burdon and Thrall, 2004; Goolsby et al., 2006; Morin et 

al., 2006). This genetic specificity is exploited in biological control by matching 

virulent genetic isolates of agents to susceptible genotypes of host plants (Morin et 

al., 2006). However, an important consequence of genotype-specific resistance is 

that selection against susceptible plant genotypes can increase overall resistance to 

biological control organisms in a plant population (Burdon et al., 1981), which 

may compromise the durability of population regulation (Burdon and Thrall, 2004; 

Thrall and Burdon, 2004). 

Ecological genetics experiments (i.e., common gardens) are needed to 

evaluate the risks and improve the odds of success in biological weed control 

(McEvoy and Coombs, 1999; Müller-Schärer and Steinger, 2004; Maron and Vilà, 

2008). Pre-release testing of biological control agents often involves experiments 

with several weed and agent genotypes (Morin et al. 2006), but multiple natural 

enemy species rarely have been combined with plant genotypes in such trials. 
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There are more examples of ecological experiments that have tested multi-species 

interactions by removing or excluding factorial combinations of biological control 

agents from single population samples of invasive plants (McEvoy and Coombs, 

1999). These experiments have demonstrated antagonistic interactions between 

agents in some cases (Hatcher, 1995; Rayamajhi et al., 2006), but in other cases 

additive (independent) effects (McEvoy et al., 1993; Hunt-Joshi et al., 2004) or 

facilitative interactions (Baudoin et al., 1993; Caesar, 2003; Moran, 2005) also 

have been shown at some scales of observation. We sought to investigate the role 

of interaction effects between biological control agents used for management of an 

invasive plant with known genetic resistance to natural enemies. 

Chondrilla juncea L. (Asteraceae, “rush skeletonweed”) is a Eurasian 

taprooted perennial forb which has invaded agricultural fields and disturbed 

habitats in North America (Reed, 1979; Lee, 1986), Australia (Panetta and Dodd, 

1987, 1995), and Argentina (Sacco, 1988). Asexual reproduction is an important 

aspect of the population biology of C. juncea in its introduced range (Cullen and 

Groves, 1977; van Dijk, 2003).  Multiple rosettes and shoots develop from lateral 

roots, allowing stands to form by clonal expansion of single genets (Cullen and 

Groves, 1977), and asexual seed development (apomixis) also is characteristic of 

all non-indigenous C. juncea populations (Sacco, 1988; Chaboudez, 1994; Hasan 

et al., 1995; van Dijk, 2003).  

The invasion of C. juncea in Australia is a benchmark case study in the use 

of plant pathogens for biological weed control because the autoecious, macrocyclic 

rust fungus Puccinia chondrillina Bubak & Sydow (Uredinales: Pucciniaceae) 
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(Hasan and Wapshere, 1973) greatly reduced population density of one Australian 

weed biotype after its release in 1971 (Burdon et al., 1981). Invasive C. juncea 

established in the eastern United States during the 19th century (Reed, 1979) and 

arrived in western North America (WNAm) by 1938 (Lee, 1986). Three C. juncea 

biotypes currently are recognized in WNAm (Table 1) (Lee, 1986; Hasan et al., 

1995), and two genetic isolates of P. chondrillina (PC-1 and PC-16) were released 

in WNAm during 1977-1979 (Julien and Griffiths, 1998). The “late-flowering” 

(LF) biotype is susceptible to rust pathogen isolate PC-16 (that was used in this 

study), while the “Banks” biotype is resistant to isolate PC-16 but susceptible to 

isolate PC-1, and the “Post Falls” biotype is resistant to all rust isolates that have 

been tested to date (Emge et al., 1981; Hasan et al., 1995).  

The gall mite Eriophyes chondrillae (Canestrini) [= Aceria chondrillae 

Canestrini] (Acari: Eriophyidae) has been released for biological control of C. 

juncea in WNAm (1977-1979) and Australia (1971) (Julien and Griffiths, 1998). 

Mite galling causes stunted shoot growth and decreased flowering through the 

development of tiny, clustered hyperplasic buds (galls) at shoot tips and axillary 

nodes (Caresche and Wapshere, 1974), thereby directly inhibiting seed production 

of infested plants (Cullen et al., 1982; Spollen and Piper, 1995). E. chondrillae 

seems to be an effective biological control agent of C. juncea in WNAm (Spollen 

and Piper, 1995), but the frequency and severity of gall damage often varies 

greatly with environmental conditions (Caresche and Wapshere, 1974; Cullen and 

Moore, 1983; Milan et al., 2006). Genetic specificity between E. chondrillae and 
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C. juncea also modifies the severity of galling (Caresche and Wapshere, 1974; 

Sobhian and Andres, 1978; Cullen and Moore, 1983).   

We conducted common garden experiments with C. juncea using dual 

inoculations of the rust fungus pathogen P. chondrillina and the gall mite E. 

chondrillae to examine species interactions and their potential role in biological 

control. Several clonal accessions of C. juncea biotypes from WNAm were 

compared to test the genetic basis of plant responses to natural enemy damage. 

The experiments addressed the following questions: 

1. Does the effect that mite inoculation has on plant performance decrease 

(antagonism), increase (facilitation), or remain unchanged (independence) 

with an increase of the rust pathogen (i.e., is there a rust x mite 

interaction)? 

2. Is the amount of mite gall damage modified by the effect of rust 

inoculation on shoot growth (i.e., is there a plant-mediated indirect 

interaction)? 

3. How do quantitative traits vary between WNAm biotypes of C. juncea, and 

among clonal accessions within biotypes? 

4. Does biological control reverse the relative performance of rust-susceptible 

and rust-resistant weed biotypes (cf., Burdon et al. 1984)?  
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Materials and Methods 

 

Common garden experiments with inoculations of rust and mite 

Apomictic seeds were collected in 2004 (August-October) from several 

invasive populations of C. juncea on roadsides in WNAm (Table 1). In 2005, weed 

accessions were prepared to reduce maternal effects (Lynch and Walsh, 1998) by 

growing first-generation plants (sub-lines) to the reproductive stage in a 

temperature regulated glasshouse, and then second-generation seedlings were used 

as replicates in experiments. Common garden experiments were conducted during 

May-November (2006 and 2007) outdoors at the USDA Greenhouses of Oregon 

State University (Corvallis, Oregon, 44° 34’ N, 123° 17’ W), located about 125 

km from the nearest naturalized populations of C. juncea. In each year, seedlings 

were started inside the glasshouse in May, transplanted outdoors in June to 9.2 L 

(39 cm deep) plastic pots which contained commercial growing mix, and watered 

individually (1.0 L) on a daily basis.  

In 2006, 32 seedlings from each of nine weed accessions, representing all 

three WNAm biotypes (Table 1), were combined with rust and mite treatments in a 

factorial design (9 weed accessions x 2 rust levels x 2 mite levels). Pots were 

arranged on a grid (12 rows x 24 columns), completely randomized with respect to 

treatments and weed accessions, with about 20 cm between rims of neighboring 

pots. Garden row position (1-12) was included as a covariate in statistical analysis 

of 2006 data to reduce residual variance associated with a gradient of shade. In 

2007 the common garden experiment was repeated in the same location, but only 
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two weed accessions were used: accession Oregon-C of the rust-susceptible LF 

biotype, and the same accession of the rust-resistant Banks biotype (Table 1). The 

randomized design was blocked along garden rows (6 rows x 2 blocks) in 2007, 

with 144 pots total (2 weed accesssions x 3 rust levels x 2 mite levels), which 

improved statistical power for a balanced comparison of rust-susceptible and rust-

resistant weed biotypes. Seedlings were transplanted outdoors on 16 June 2006 or 

9 June 2007, and experiments were completed when plants were harvested on 2 

November 2006 or 15 October 2007.  

Three levels of rust treatment -- rust-inoculated, rust-passive, and rust-

control (fungicide) -- were implemented in the early phase of experiments (July-

August), but the rust-passive treatment was not used in 2006. At three dates in 

July, each rust-inoculated plant was treated on rosette leaves with 3 ml of a 

solution of P. chondrillina urediniospores (approximately 750 spores ml-1 of 

isolate PC-16, measured with a haemocytometer). Rust-control replicates were 

treated with 3 ml of fungicide solution, 400 ppm azoxystrobin (Abound®, 

Syngenta Crop Protection, Greensboro, North Carolina) at three dates (July-

August), and they were not sprayed with rust inoculum. The experimental 

treatment successfully prevented disease on control plants and established disease 

on rust-inoculated plants (though two weeks earlier in 2007). However, some 

fungicide-treated plants developed very low levels of disease (<0.1% mean 

severity) late in the experiments after fungicide applications were finished. In the 

rust-passive group, plants were not sprayed with urediniospores, nor were they 

treated with fungicide, to capture rust inoculum only by passive transmission from 
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neighboring plants. The rust-passive treatment achieved low disease severity that 

was about six times less than the rust-inoculated group at July-August 2007. Rust-

resistant biotypes (Banks and Post Falls; Table 1) never showed symptoms or 

signs of rust infection. 

Mite treatment was implemented in the latter phase of experiments 

(August-October) with two levels, mite-inoculation and mite-control (acaricide), 

and pots of each mite treatment group were moved apart (~8 m) to facilitate 

spraying of acaricide. Plants were inoculated with fresh mite-galled tissue gathered 

from the field population in southwest Oregon (Table 1), by taping one bundle of 

galls (1.0 g) to the tallest shoot tip of each garden plant. Mite-control plants were 

sprayed with 0.126% carbaryl solution (Sevin®, GardenTech, Lexington, 

Kentucky) at four dates (August-October), and they were not inoculated with gall 

bundles. In 2006, visible symptoms of galling were not observed until 28 

September, about 17 days after flowering had started, and only a small amount of 

galled tissue had developed on mite-inoculated plants by the time of harvest (range 

0.00-0.28 g, dry wt plant-1). In 2007 mite inoculations were started about 4 weeks 

earlier than in 2006, and galling was established about 8 weeks sooner (5 August 

2007), 12 days before observation of the earliest developing flower heads. By 

harvest in 2007, each mite-inoculated plant had developed levels of galling (range 

0.49 - 4.81 g, dry wt plant-1) higher than the amounts attained in 2006. 

An additional experiment was conducted in 2007 to test for unwanted side-

effects of the fungicide azoxystrobin on plant growth in the absence of rust 

disease. Plants of the rust-susceptible LF biotype (accession Oregon-C) and the 
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rust-resistant Banks biotype were treated with either fungicide or water (control) in 

a randomized factorial design (2 biotypes x 2 fungicide levels x 12 replicates). 

These plants were located in a different lot of the same greenhouse premises, and 

they did not develop rust disease or mite galls. Fungicide was applied at four dates 

(June-August), and only rosette responses were tested because the initiation of 

shoots (bolting) was sporadic in this set of plants.   

Garden plants were outdoors for 122 ordinal dates in common between 

years (June 16-October 15), and during this period weather was hotter and drier in 

2006: mean maximum daily temperature was 2.4 °C higher (27.3 °C day-1), mean 

evaporation was 19.3% greater (7.0 mm day-1), and total precipitation was 79.7% 

less (25.9 mm) (Hyslop Station, 44° 38’ N, 123° 11’ W; Oregon Climate Service, 

www.ocs.oregonstate.edu). 

 

Data collection and statistical analysis 

Garden plants bloomed for several weeks (September-October) before 

harvest, and flower heads (capitula) were removed from plants at anthesis to 

prevent the development of achenes that could have dispersed and caused an 

escape of this noxious weed. Opened capitula were removed from each plant daily, 

and plant fecundity was measured as the tallied total capitula per plant (which was 

not biased by differences in the number of ovules per capitulum; unpublished 

results). Shoot length (cm), from base to tip of the longest stem, was measured 

once at the start of the mite treatment (July-August) and once again before harvest 

(mid-October). At harvest, shoots and rosettes were clipped, bagged, and dried, 
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and galls were separated from shoots after drying. For data analysis, shoot biomass 

(10-2 g) is defined as the dry weight of stems, cauline leaves, and galls summed 

together, but excluding rosette leaves. Rust severity (percent leaf area covered with 

pustules; Adams and Line, 1984) and rosette diameter (mm) were measured from 

photographs of rosette leaves. Rosette area-under-curve values (mm days) and the 

rate of rosette senescence (mm day-1) were estimated from the declining phase of 

growth curves (August to harvest).  

Differences among treatment group means were tested using PROC 

MIXED in SAS® for Windows 9.1.3 Service Pack 3 (SAS Institute, Cary, North 

Carolina; Littell et al., 2006). Weed accessions, and levels of rust and mite 

treatments, were modeled as fixed effects, with garden rows and blocks as random 

effects in mixed models of 2007 data. Pairwise comparisons of group means were 

made using differences of least squares means (Littell et al., 2006). All responses 

were tested using the original scale of measurement, except rust severity 

proportions which were arcsine transformed (Sokal and Rohlf, 1995). Plants with 

very small shoots (dry wt < 3.00 g) were omitted from statistical tests (for all 

response variables except rust severity). Responses of plant performance traits in 

2007 are presented as reaction norm plots (Lynch and Walsh, 1998) with three-

way group means (weed accession x rust x mite) to show biotype-specific 

responses to natural enemies. Crossing reaction norms indicate a reversal of the 

relative performance of rust-resistant and rust-susceptible biotypes if the difference 

between means is statistically significant. 
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Mite gall damage for 2007 was tested as the response of gall biomass, with 

the remainder of shoot biomass (stems and cauline leaves) included as a covariate 

to account for allometric variation in shoot size. For 2006 the response of gall 

biomass was tested using a two-way factorial non-parametric test of ranks 

(Scheirer-Ray-Hare extension of the Kruskal-Wallis test; Sokal and Rohlf, 1995). 

Mite-control plants were omitted from these tests due to lack of variation in the 

absence of galling. Reaction norm plots are presented to show biotype-specific 

effects (weed accession x rust) for mean gall damage in both years. 

Effect sizes (and 95% confidence intervals) of factorial interaction terms 

were estimated (Jaccard, 1998) to assess the likelihood of biologically important 

effects when the null hypothesis of additive interactions was not rejected (i.e., type 

II error) (Steidl and Thomas, 2001). We consider an “important” effect to be equal 

to the size of the largest simple effect (of weed accession, rust treatment or mite 

treatment) for each response variable, because it would represent non-additive 

interactions which are ecologically “equivalent” to the effects of single agents or 

plant genotypes (Hatcher, 1995). This concept of equivalence is relevant for 

management decisions to introduce multiple agents (Hatcher, 1995), but we wish 

to caution that much smaller interaction effects may be important to ecological 

dynamics in general. 
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Results 

 

Shoot growth 

In 2006, there were pronounced differences between weed accessions in 

the occurrence of bolting. Only two individuals bolted among 32 plants of the 

Spokane accession, and there were no bolted plants among two accessions of the 

Post Falls biotype (which precluded statistical analysis of shoot traits in these three 

“unbolted” accessions). Interestingly, this result is suggestive of latitudinal 

differences (Table 1) in bolting that may be independent of weed biotype. The 

occurrence of bolting was not influenced significantly by rust treatment in either 

year (2006, Gadj=0.61, P=0.44, N=192; 2007, Gadj=0.42, P=0.52, N=144) (G-test of 

independence, Model II 2 x 2 table; Sokal and Rohlf, 1995).  

Overall, shoot growth was less in 2006 than it was in 2007, in terms of 

mean shoot biomass (20.1% less, or 4.83 g plant-1) and mean shoot length (12.9% 

less, or 13.2 cm plant-1). Weed accessions did not differ significantly in mean 

shoot biomass, but mean shoot length of accession Oregon-C (LF biotype) was 

about 10 cm longer than that of the Banks biotype in both experiments (Figs. 1a, 

2), and also longer than other accessions of the LF biotype in 2006 (Fig. 2). 

Inoculations of rust and mite each caused reductions in mean shoot length (at 

harvest), but the rust x mite interaction effect was not significant in either 

experiment (Table 2). Mean shoot length of the rust-susceptible LF biotype was 

reduced 24.9% (28.1 cm plant-1) by rust inoculation in 2007, but it was not reduced 

in the rust-resistant Banks biotype, resulting in crossing reaction norms (Fig. 1a). 
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Midway through the experiments (July-August) in both years, before 

implementation of the mite treatment, rust inoculation already had caused 

significant reductions in mean shoot length of the LF biotype (26.8% in 2007; 

21.5% in 2006) (Table 2). Crossing reaction norms also were detected for shoot 

biomass in the 2007 experiment, because mean shoot biomass was reduced 28.8% 

(7.77 g plant-1) by rust inoculation in the rust-susceptible LF biotype, but it was 

not reduced in the rust-resistant Banks biotype (Fig. 1b).  

Mite galling caused significant stunting of mean shoot length in 2007 

(15.6%, or 17.4 cm plant-1 at harvest; Fig. 1a), but not during 2006 (Table 2) when 

gall damage occurred at lower levels overall. Mean dry biomass of shoots, which 

includes the biomass of galls, was not significantly reduced by mite inoculation in 

2007 (Fig. 1b), even though 10.4% of total shoot biomass was apportioned to 

galled tissue in mite inoculated plants. This result indicates that mite galling causes 

a shift in biomass allocation from stems to galls, without significantly changing 

the total biomass of shoots. Parallel reaction norms were detected in the responses 

of shoot growth to mite inoculation, due to a lack of significant weed accession x 

mite interactions (Table 2). 

 

Plant fecundity 

Reaction norms of mean plant fecundity did not cross because flowering of 

the Banks biotype was much greater than that of the LF biotype across all 

treatments – the difference was six-fold in 2006 and three-fold in 2007 (Table 2, 

Fig. 1c). No significant differences were found in mean fecundity among the rust-
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susceptible weed accessions that bolted in 2006 (P>0.88 for each of 10 pairwise 

comparisons). Our results are suggestive of reduced plant fecundity in the rust-

susceptible biotype caused by rust disease (Fig. 1c), but this trend was not 

statistically significant, which is probably due to the relatively low fecundity of LF 

biotype accessions and the overall large variance in plant fecundity. Rust disease is 

known to reduce fecundity of North American C. juncea (Emge et al., 1981; 

Adams and Line, 1984), but it appears that the design of our experiment would 

need to be modified in order to detect this effect. 

Mite inoculation caused a large reduction of mean plant fecundity in 2007, 

and this reduction was relatively larger in the LF biotype (76.0%) than in the 

Banks biotype (33.8%), but the absolute reduction (measured as the mean number 

of capitula lost to galling) was about equal for each biotype (LF, 68.9 capitula 

plant-1; Banks, 67.6 capitula plant-1; Fig. 1c). The abundance of flowering in the 

Banks biotype therefore may allow a greater proportion of seeds to escape mite 

gall damage. Mite treatment did not have a significant influence on mean fecundity 

at the low levels of galling attained in 2006 (Table 2). 

 

Rust severity 

Mean rust severity differed significantly among accessions of the LF 

biotype (F5,89=8.12, P<0.0001, Fig. 3), with two accessions having lower severity 

(Spokane, 1.3% severity plant-1, and Oregon-B, 1.8% severity plant-1) than other 

accessions from California and Oregon (4.6% severity plant-1, pooled data). This 

result indicates a genetic basis to variation in quantitative rust resistance within the 
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LF biotype. Although plants of the Spokane accession failed to bolt, their lower 

rust severity on rosette leaves is not confounded with this difference in bolting 

behavior, because mean rust severity was significantly less in the Spokane 

accession than it was in unbolted replicates of the other LF accessions (3.9% 

severity plant-1; t-test, F1,45=19.11, P<0.0001). Conditions in 2007 may have been 

less conducive to rust disease even though plant responses to rust inoculation were 

greater, because mean rust severity of accession Oregon-C (used in both 

experiments) was significantly less in 2007 (2.6% severity plant-1) than it was in 

2006 (4.0% severity plant-1) (t-test, rust-inoculated groups, F1,38=6.68, P<0.02). 

 

Mite gall damage 

The amount of mite gall damage was much greater overall in 2007 (see 

Methods), but weed biotype effects were consistent between years. In 2007, mite 

gall damage was significantly less in the Banks biotype (2.43 g plant-1, or 9.7% of 

shoot dry wt plant-1) than it was in the LF biotype (2.83 g plant-1, or 11.0% of 

shoot dry wt plant-1) (weed accession main effect, P<0.02, Table 2, Fig. 4a). 

Similarly, at lower levels of galling in 2006, the Banks biotype also had less gall 

damage than the LF biotype accessions (Fig. 4b). Mean mite gall damage was 

significantly increased by rust-inoculation in 2006 (rust main effect, P<0.01, Table 

2, Fig. 4b). At higher levels of galling in 2007, rust treatment did not significantly 

influence mean mite gall damage when allometric variation in shoot biomass was 

held constant (Table 2) – in other words, the mean biomass of galled tissue (Fig. 

4a) changed in accord with mean shoot biomass (Fig. 1b). However, a non-
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significant trend (P<0.10) for facilitation is evident in the same result, because 

mean percent allocation to gall biomass was greater in rust-inoculated plants. 

Possible gall-inhibiting effects of fungicide treatment are unlikely because mean 

gall damage of rust-control plants was not significantly different from that of the 

rust-passive group in 2007 for either biotype (Fig. 4a; P>0.84 in pairwise 

comparisons). 

 

Rosette size and senescence 

There was no evidence of significant mite effects or rust x mite interaction 

in the responses of rosette size and senescence (Table 2). Rosettes of the rust-

susceptible LF biotype senesced more rapidly than those of the rust-resistant 

Banks biotype, and rust disease increased the mean rate of rosette senescence in 

both experiments (Table 2, Fig. 5). A similar result was found in unbolted plant 

accessions, for which the mean rate of rosette senescence was more rapid in rust-

inoculated plants of the rust-susceptible Spokane accession (weed accession 

F2,86=1.26, P=0.29; rust treatment F1,86=0.88, P=0.35; weed accession x rust 

interaction F2,86=4.57, P<0.02). Rosette growth curves seem to provide reasonable 

estimates of rosette biomass, because rosette diameter (at harvest) was strongly 

correlated with rosette dry biomass (log10 g) in both years (2006, R2=0.89, 

P<0.0001, N=224; 2007, R2=0.70, P<0.0001, N=119; all groups pooled, zero-

values omitted). 

In the fungicide effect experiment, we found no evidence of unwanted 

side-effects of azoxystrobin on rosette growth. Significant effects of fungicide 
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application were not detected for mean rosette dry biomass (fungicide, 4.76 g 

plant-1; control, 4.40 g plant-1; F1,32=0.75, P=0.39), or mean rosette diameter (area-

under-curve; F1,32=0.16, P=0.69), or mean rate of rosette senescence for either 

biotype (weed accession, F1,32=0.61, P=0.44; fungicide treatment, F1,32=0.54, 

P=0.47; weed accession x fungicide interaction, F1,32=0.01, P=0.94).   

 

Assessment of additive interaction effects 

Confidence intervals indicate that ecologically “equivalent” interaction 

effects are unlikely for non-significant interaction effects (Table 2) of most 

response variables in the 2007 experiment (Fig. 6), except for plant fecundity due 

to large within-group variance. It is probable that equivalent interaction effects 

would have been detected if they truly had occurred in 2007, but clearly a more 

powerful design still is needed to test interactions in the response of plant 

fecundity. Statistical power of the 2007 experiment was improved due to a blocked 

design using fewer weed accessions, but in 2006 confidence intervals generally 

were several times larger than simple effects (data not shown). Therefore tests of 

interaction effects in the 2006 experiment may be inconclusive (Steidl and 

Thomas, 2001), although non-significant results were similar between years (Table 

2).  
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Discussion 

 

Additive plant responses to two biological control agents 

The joint effect of two natural enemy species was investigated on a variety 

of host plant responses to test the hypothesis that ecological interactions may 

influence biological control of C. juncea (Hatcher, 1995; McEvoy and Coombs, 

1999). Our combinatorial experiment yielded evidence of additivity 

(independence) in plant responses to inoculations of the rust pathogen P. 

chondrillina and the gall mite E. chondrillae on multiple clonal accessions of C. 

juncea. Several authors have reported reductions caused separately by either the 

rust pathogen (Groves and Williams, 1975; Burdon et al., 1984; Hanley and 

Groves, 2002) or the gall mite (Cullen et al., 1982; Spollen and Piper, 1995) in 

greenhouse experiments, and main effects in the second year of our study are 

consistent with those previous investigations. The large difference we found 

between years in mite galling might not be atypical, because galling caused by E. 

chondrillae often is very sporadic and sensitive to environmental conditions 

(Caresche and Wapshere, 1974; Cullen and Moore, 1983; Milan et al., 2006), and 

gall biomass exhibits similar variation in Oregon field populations (D. M. 

Campanella, unpublished manuscript).  

Experimental inoculations of rust and mite were performed on different 

plant parts and at different stages of annual growth (on rosettes and shoot tips, 

respectively). Rust disease spread vertically onto shoots during the experiments, 

but the severity of infection was very sparse on shoots and was not considered in 
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the analysis. However, spatial separation of coinfection does not necessarily 

prevent plant-mediated interactions (Kaplan and Denno, 2007) and the 2007 

experiment should have provided ample opportunity for non-independent plant 

responses to develop, because coinfection occurred for 10 weeks before harvest 

and sizeable main effects of each agent also were prevalent.  

 

Plant-mediated indirect interactions between a rust pathogen and a gall mite 

We found evidence of indirect species interaction when the amount of mite 

galling was considered as a response to the rust pathogen, because in 2007 mean 

shoot biomass of the rust-susceptible LF biotype was reduced by rust disease, and 

there was a corresponding reduction in mean mite gall damage. This allometric 

relationship demonstrates the presence of plant-mediated indirect competition 

(Denno and Kaplan, 2007; Kaplan and Denno, 2007) between the rust pathogen 

and gall mite of C. juncea due to the decrease in shoot growth caused by rust 

disease. However, in 2007 gall biomass was diminished by rust disease less than 

the reduction of shoot biomass, which is suggestive that rust disease also may 

slightly enhance plant susceptibility to mite galling. Enhanced susceptibility 

during coinfection (or multiple herbivory) is known to occur in some plants due to 

reduced physiological activity or tradeoffs in plant defenses specific to each 

natural enemy (Adhikari and McIntosh, 1998; Zidack, 1999; Agrawal and 

Sherriffs, 2001; Caesar, 2003; Denno and Kaplan, 2007). Such a minor facilitative 

effect also may explain the increased galling of rust-inoculated plants in 2006. 

Therefore in C. juncea two types of indirect species interaction may function 
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simultaneously to produce a net competitive effect of rust disease on mite galling. 

In our experiment these indirect effects were detected only in plants that were 

experimentally dosed with high levels of rust inoculum, and not in the rust-passive 

group which had lower levels of disease. 

 

Genetic variation in western North American C. juncea biotypes 

Our results are consistent with previous knowledge of genotype-specific 

resistance to rust disease in WNAm C. juncea biotypes (Emge et al., 1981; Lee, 

1986; Hasan et al., 1995). The experiments also revealed biotype differences in 

several other ecological traits: bolting, plant fecundity, rosette senescence, and 

quantitative resistance to mite galling. Significant differences between rust-

resistant and rust-susceptible weed biotypes were found for each plant trait 

measured except shoot biomass. By comparing clonal accessions sampled from 

within invasive biotypes of C. juncea, we found evidence supporting a genetic 

basis to phenotypic variation in certain ecological traits within the rust-susceptible 

LF biotype. In particular, the accession sampled from Spokane, Washington, had 

greater resistance to rust disease and it was also the only accession of the LF 

biotype to have a prevalent lack of bolting. Otherwise, few significant differences 

were found in quantitative traits among the other LF accessions from Oregon and 

California: mean shoot length varied significantly, and one Oregon accession had 

lower mean severity of rust disease.  

Previous greenhouse experiments, which used population samples instead 

of clonal accessions, have detected ecotypic differences among populations within 



 
 

30 
 

    

invasive C. juncea biotypes, in traits such as flowering phenology (Hull and 

Groves, 1973), and quantitative resistance to rust disease (Emge et al., 1981; 

Hasan et al., 1995) or mite galling (Sobhian and Andres, 1978). A recent 

population genetics study of C. juncea also has revealed molecular variation 

within WNAm biotypes (J.F. Gaskin, personal communication). Population 

differentiation may be occurring within invasive weed biotypes of C. juncea (Hull 

and Groves 1973), but its magnitude appears to be small relative to differences 

between biotypes. 

Genetic specificity of resistance was important to the successful biological 

control of C. juncea in Australia, because introduction of the rust pathogen caused 

a change in the outcome of plant competition between rust-susceptible and rust-

resistant weed biotypes (Burdon et al., 1981, 1984). Rust disease also caused 

crossing reaction norms between rust-resistant and rust-susceptible WNAm 

biotypes for most plant traits measured in our study. Rust disease may have the 

potential to modify the outcome of competition between WNAm biotypes if 

crossing reaction norms of shoot and rosette traits are indicative of competitive 

ability, which clearly was the case in competition experiments with Australian C. 

juncea biotypes (Burdon et al., 1984). Accelerated senescence caused by rust 

disease also could hinder winter survival and perennial re-growth of the rust-

susceptible biotype by reducing allocation to root and crown biomass (Groves and 

Williams, 1975). However, the main objective of our study was to test species 

interactions between biological control agents, and the issue of competition 

between WNAm biotypes awaits future investigations.   
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The effects of mite inoculation on plant performance traits were not 

modified by plant resistance, but the amount of mite gall damage was significantly 

less on the rust-resistant Banks biotype in both years. Mite inoculations were 

performed with galls collected from field populations of the LF biotype, which 

may explain lower galling of the Banks biotype if the sampled mite populations 

are adapted to host plants of the LF biotype. Reciprocal cross-inoculation 

experiments could be used to determine if adaptive specialization has occurred 

since the introduction of E. chondrillae for biological control (Goolsby et al., 

2006).   

 

Implications for biological control management of C. juncea 

Resistance variation in C. juncea involves qualitiative differences between 

weed biotypes, and also quantitative variation between local populations or clonal 

lineages within biotypes. There is a key difference in population structure between 

C. juncea invasions in Australia and WNAm because rust-resistant and rust-

susceptible weed biotypes share a sympatric distribution in Australia (Hull and 

Groves, 1973; Chaboudez, 1994), but biotypes occupy separate geographic regions 

in WNAm (Lee, 1986; Hasan et al., 1995). This allopatric distribution in WNAm 

may reduce the likelihood of increased frequencies of rust-resistant genotypes that 

occurred in Australia (Burdon et al., 1981), if successful biological control is 

achieved in WNAm before biotype distributions expand to sympatry. Our results 

are suggestive that the Banks biotype might have a competitive advantage over the 

LF biotype in mixed populations, but both rust pathogen isolates PC-1 and PC-16 
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would co-occur on their matching hosts (Banks and LF, respectively) in mixtures, 

and the outcome of plant competition could be influenced by the relative effects of 

rust disease on each biotype (Garrett and Mundt, 1999).  

Our finding of additive plant responses supports the hypothesis that the 

combination of P. chondrillina and E. chondrillae provides more effective 

biological control of C. juncea than would be accomplished by either natural 

enemy separately. The complementary effect of multiple agents also has been 

noted anecdotally for C. juncea field populations in Australia (Cullen et al., 1982). 

Following the release of these organisms in California, the effects of rust disease 

and mite galling probably were not complementary due to low rates of 

establishment by E. chondrillae (Supkoff et al., 1988), although currently in 

Oregon and Idaho mite galling achieves higher levels of damage at some locations 

(Milan et al., 2006; D. M. Campanella, unpublished manuscript). Also, the indirect 

effect of rust disease on mite galling could diminish mite gall epidemiology in the 

field because mite populations are known to increase rapidly during gall 

development (Caresche and Wapshere, 1974). 

The current body of evidence shows that additive effects are quite common 

in plant interactions with multiple natural enemy species (Morris et al., 2007), but 

they should not be assumed in all cases, and qualitiative description of species 

interactions may depend upon environmental conditions and the particular plant 

traits under study (Kaplan and Denno, 2007; Morris et al., 2007). In general, 

species interactions should be screened on a case-by-case basis before releasing 

biological control agents in order to avoid antagonistic combinations of agents and 
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to minimize the risks associated with functionally redundant introductions 

(McEvoy and Coombs, 1999, 2000; Morris et al., 2007). In particular, if plant 

resistance appears to influence multiple natural enemies, research should evaluate 

the potential for adaptive resistance before the introduction of additional genotype-

specific biological control agents (Garcia-Rossi et al., 2003; Müller-Scharer and 

Steinger, 2004; Thrall and Burdon, 2004; Maron and Vilà, 2008). 
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Table 1. Characteristics of nine weed accessions sampled in 2004 from 
populations of three C. juncea biotypes in western North America. *Same 
locations sampled by Hasan et al. (1995). 
 
 
Biotype  
 

Weed  
accession 

Resistance to rust 
isolate PC-16 

Geographic location of sample 
(Transect site) 

Lat 
(N) 

Long 
(W) 

Banks Banks-A resistant Banks, Idaho 
(Jct Hwy 55 & Banks Lowman Rd) 

44°  
05.03’ 

116°  
06.93’ 

Late- 
flowering 

California-A,  
California-B 

susceptible Sacramento, California 
(I-80 Exit 112 at Penryn Rd) 

38°  
49.88’ 

121°  
10.14’ 

Late- 
flowering 

Oregon-A susceptible Canyonville, Oregon – “Pump Chance” 
(Access road from BLM-31-5-20) 

42°  
51.50’ 

123°  
17.74’ 

Late- 
flowering 

Oregon-B susceptible Canyonville, Oregon – “Canyon Creek” 
(BLM-31-5-2) 

42°  
52.47’ 

123°  
16.56’ 

Late- 
flowering 

Oregon-C susceptible Canyonville, Oregon – “Buckhorn Mtn” 
(N Jct BLM -32-5-17 & BLM -32-5-9) 

42°  
49.60’ 

123° 
17.49’ 

Late- 
flowering 

Spokane susceptible Spokane, Washington 
(Jct 15th Ave & Cochran St) * 

47°  
38.54’ 

117°  
27.02’ 

Post Falls Post Falls-A resistant Liberty Lake, Washington 
(Jct Shoreline Dr & Liberty Lk Rd) * 

47°  
39.19’ 

117°  
05.67’ 

Post Falls Post Falls-B resistant Post Falls, Idaho 
(Jct Chase Rd & Mullan Ave) 

47°  
42.97’ 

116°  
57.54’ 
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Table 2. Statistical significance in the responses of C. juncea plant performance and mite gall damage in common garden experiments 
(2006-2007) with inoculations of a rust fungus pathogen (P. chondrillina) and a gall mite (E. chondrillae). Degrees of freedom (d.f.), 
F-values, and P-values of mixed model statistics are shown for factorial combinations of weed accession (W), rust treatment (R), and 
mite treatment (M), and significant effects (P<0.05) are shown in bold. For mite gall damage in 2006, the H-value is tabled for the 
non-parametric Scheirer-Ray-Hare extension of the Kruskal-Wallis test (Sokal and Rohlf, 1995). 
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Table 2. (Continued) 

      Shoot length (at   Shoot length    Shoot dry     Plant       Rosette diameter  Rate of rosette   Mite gall   
Source of variation   d.f.  mite inoculation)  (at harvest)    biomass      fecundity     (area-under-curve)  senescence     damage     
 
2007      F   P     F   P     F   P     F   P     F   P     F   P     F   P 

 Weed accession (W)   1  1.48  0.227   9.24  0.003   1.19  0.278   122.4 <0.0001   567.2 <0.0001   243.3 <0.0001   7.05  0.011 

 Rust treatment (R)   2  5.44  0.006   22.21 <0.0001   4.45  0.014   0.94  0.392   39.50 <0.0001   11.39 <0.0001   0.25  0.777  

Mite treatment (M)   1   1.77  0.186   98.05 <0.0001   0.06  0.813   40.09 <0.0001   2.22  0.139   1.58  0.212 

 W x R   2  4.05  0.020   25.86 <0.0001   13.74 <0.0001   0.16  0.856   34.57 <0.0001   4.81  0.010   3.52  0.038 

 W x M   1  0.86  0.355   0.28  0.599   1.54  0.218   0.37  0.542   0.62  0.432   0.10  0.755 

 R x M   2  0.36  0.698   0.05  0.953   0.12  0.889   1.07  0.348   0.73  0.483   1.27  0.285 

 W x R x M   2  0.49  0.613   0.12  0.889   0.70  0.499   1.15  0.322   0.04  0.959   0.21  0.810 

 Error d.f.      116       116       116       116       116       116       46    

 

2006      F   P     F   P     F   P     F   P     F   P     F   P     Η   P 

 Weed accession (W)   5  6.25  <0.0001   7.25  <0.0001   1.16  0.340   16.44 <0.0001   2.04  0.083   3.24  0.011   12.02 0.035 

 Rust treatment (R)   1  25.15 <0.0001   6.36  0.014   0.22  0.637   0.86  0.357   9.98  0.002   6.10  0.016   7.01  0.008 

Mite treatment (M)   1   0.41  0.522   2.87  0.095   3.00  0.088   0.29  0.594   0.29  0.590   1.05  0.310 

 W x R   5  1.25  0.294   0.81  0.574   1.24  0.298   0.54  0.742   0.97  0.444   0.47  0.797   5.20  0.392 

 W x M   5  1.52  0.194   0.65  0.660   0.92  0.470   0.29  0.914   0.64  0.671   0.49  0.779 

 R x M   1  0.08  0.773   1.53  0.220   2.14  0.148   0.03  0.858   0.22  0.640   0.08  0.775 

 W x R x M   5  1.13  0.353   1.83  0.118   1.62  0.167   0.69  0.631   0.60  0.697   1.91  0.104 

 Error d.f.      68        68        68        68        68        67        34  
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Figure 1. Reaction norms of plant performance variables for two C. juncea weed 
biotypes inoculated with a rust fungus pathogen (P. chondrillina) and a gall mite 
(E. chondrillae) in a common garden experiment (2007). Factorial group means of 
rust-resistant (Banks) and rust-susceptible (LF) biotypes are shown in response to 
two levels of mite treatment (control and galled) and three levels of rust treatment 
(control, rust-passive, and rust-inoculated). Vertical bars show the average least 
significant difference (Sokal and Rohlf, 1995) between group means: a) 8.2 cm 
plant-1; b) 4.36 g plant-1; c) 52.8 capitula plant-1. 
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Figure 2. Mean shoot length (cm plant-1 at harvest) of C. juncea plants in a 
common garden experiment (2006) with inoculations of a rust fungus pathogen (P. 
chondrillina). One accession of the rust-resistant Banks biotype and five 
accessions of the rust-susceptible LF biotype (from Oregon and California) are 
shown in combination with two levels of rust treatment (control and rust-
inoculated). Error bars show 95% confidence intervals of least squares means, and 
identical letters (a-c) indicate non-significant differences (P>0.05) in pairwise 
comparisons between weed accessions within the rust-control group.  
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Figure 3. Mean rust severity (% diseased area) on rosette leaves of C. juncea in a 
common garden experiment (2006). Six weed accessions of the rust-susceptible LF 
biotype from California, Oregon, and Washington (Spokane) were infected with 
the rust fungus pathogen P. chondrillina. Error bars show 95% confidence 
intervals of back-transformed means, and identical letters (a-b) indicate non-
significant differences (P>0.05) in pairwise comparisons between weed 
accessions. 
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Figure 4. Reaction norms of mean mite gall damage (gall dry wt, g plant-1) in 
common garden experiments of C. juncea with dual inoculations of a rust fungus 
pathogen (P. chondrillina) and a gall mite (E. chondrillae). Rust-resistant (Banks) 
and rust-susceptible (LF) weed biotypes are shown in response to three levels of 
rust treatment (control, rust-passive, and rust-inoculated). The vertical bar 
represents the average least significant difference (Sokal and Rohlf, 1995) between 
group means in 2007 (0.56 g plant-1). Note the different scale of the response 
variable (g plant-1) in each year. 
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Figure 5. Rosette growth curves (mean diameter, cm plant-1) of bolted C. juncea 
accessions inoculated with a rust fungus pathogen (P. chondrillina) in common 
garden experiments (2006-2007). Rust-resistant (Banks) and rust-susceptible (LF) 
biotypes are shown in factorial combinations with three levels of rust treatment 
(fungicide control, rust-passive, and rust-inoculated) across several months 
duration. The rust-passive treatment was not used in 2006. 
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Figure 6. Standardized effect sizes (and 95% confidence intervals) of factorial 
interaction terms for C. juncea plant response variables in a common garden 
experiment (2007) with dual inoculations of a rust fungus pathogen (P. 
chondrillina) and a gall mite (E. chondrillae). All two-way and three-way 
interactions of weed accession (W), rust treatment (R), and mite treatment (M) are 
shown, and interaction effects and confidence intervals are standardized relative to 
the largest simple effect for each response variable (dashed lines). 
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Abstract 

 

To evaluate the potential role of antagonsitic or facilitative species 

interactions on the effectiveness of biological weed control, a monitoring survey of 

the invasive plant Chondrilla juncea (Asteraceae) was conducted in southwest 

Oregon during 2006. We quantified natural associations in the distribution of 

damage caused by three natural enemy species: the rust fungus pathogen Puccinia 

chondrillina, the eriophyid gall mite Eriophyes chondrillae, and the cecidomyiid 

gall midge Cystiphora schmidti. The consistency of statistical associations was 

assessed by comparing C. juncea stands at three levels of plant density, and 

accuracy was improved by accounting for covariation between ramet size and 

natural enemy damage. Mite galling was the most aggregated type of damage both 

within and among field sites. Analysis of an allometric relationship of shoot 

growth (biomass versus stem area) indicates that rust disease reduced C. juncea 

growth, but only at high stand density, and in general rust disease was the most 

randomly distributed type of damage within sites. There was no evidence from the 

field survey to support a species interaction between the gall mite and the rust 

pathogen. Negative associations were detected between midge galling and the 

damage caused by both of the other natural enemies, which may indicate species 

interaction via rust and/or mite interference with C. schmidti oviposition. 

However, this potential antagonism was found only at high stand density with 

relatively high levels of damage caused by each natural enemy, and therefore the 
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overall impact of biological control probably is not strongly diminished by enemy 

interference.  
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Introduction 

 

Ecological interactions among natural enemy species can influence the 

immediate impacts and the long-term durability of biological control when 

multiple organisms are introduced for management of an invasive plant (Hatcher, 

1995; McEvoy and Coombs, 1999, 2000; Morris et al., 2007). Facilitative species 

interactions may benefit biological weed control if synergistic combinations 

enhance the net effect of multiple natural enemies (Hatcher, 1995; Zidack, 1999; 

Caesar, 2003; Moran, 2005). However, the effectiveness of biological control may 

be reduced by antagonistic interactions if regulation of host plant populations is 

diminished (Hatcher, 1995; McEvoy and Coombs, 1999, 2000; Zidack, 1999; 

Rayamajhi et al., 2006; Morris et al., 2007). Antagonism may occur through 

interference when the presence of one natural enemy prevents a second organism 

from attacking the host, for example when pathogen infection interferes with 

insect oviposition (Kok et al., 1996; Kruess, 2002; Rayamajhi et al., 2006). 

Exploitation competition may occur when both natural enemies utilize the host 

resource concurrently, reducing the quantity and/or nutritional quality of host plant 

tissues (Hatcher, 1995; Denno and Kaplan, 2007; Kaplan and Denno, 2007).  

The distributions of natural enemies on their host organisms usually are 

heterogeneous (spatially varied among habitats) and/or aggregated (clustered 

among or within individual hosts), which has been noted for many kinds of 

organism including herbivores and pathogens of plant hosts (Crawley, 1992; 

Tilman and Kareiva, 1997). Within plant populations the severity of damage 
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caused by natural enemies may depend on host plant size or abundance, though 

such aggregation usually appears to be coupled with considerable randomness, as 

indicated by highly variable levels of natural enemy damage among individual 

plants (Burdon et al., 1989; Madden et al., 2007). The natural variability of 

ecological communities requires that spatial heterogeneity and aggregation be 

taken into account at meaningful scales of observation if sampling designs are to 

evaluate the effectiveness and durability of biological control (Tscharntke and 

Kruess, 1999; Shea et al., 2000). 

Patterns of species association (i.e., correlated distributions) among 

multiple natural enemies may be caused directly by species interactions, but they 

do not demonstrate interactions unequivocally (Dobson, 1990; Bottomley et al., 

2005).  Other factors that also influence natural enemy distributions include 

genetic diversity, life history traits such as mode of dispersal, and spatiotemporal 

covariation with the abiotic environment (Burdon et al., 1989; Tilman and 

Kareiva, 1997). When several agents have been introduced, it may benefit 

biological weed control to monitor species associations of multiple natural 

enemies in order to inform the design of manipulative field experiments (McEvoy 

and Coombs, 1999, 2000; Fournier et al., 2006) and management decisions (e.g., 

for redistribution of agents). 

We conducted a monitoring survey of the invasive plant Chondrilla juncea 

L. (Asteraceae) in southwest Oregon to investigate species associations in the 

damage caused by three different biological control organisms. C. juncea (“rush 

skeletonweed”) is a taprooted perennial forb, native to the Middle East and 
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Mediterranean regions, that has invaded in North America, Australia, and 

Argentina (Lee, 1986; Panetta and Dodd, 1987, 1995). Today its latitudinal range 

in western North America (Lee, 1986) extends from Vernon, British Columbia 

(50° 22’ N), to coastal southern California (at least as far south as the Santa 

Monica Mountains, 34° 11’ N) (D.M. Campanella, personal observation). Asexual 

reproduction is an important life history trait of C. juncea that contributes to the 

persistence of the weed (Cullen and Groves, 1977; van Dijk, 2003) and to adverse 

effects on the economy and environment. Stands of individual shoots (ramets) 

arise through vegetative root growth of single genets, with perennial taproots 

reaching soil depths of 2-3 meters (Rosenthal et al., 1968; Cullen and Groves, 

1977). Furthermore, the plant develops asexual (apomictic) seeds that are wind-

dispersed (achenes) (Panetta and Dodd, 1987, 1995; van Dijk, 2003). 

The invasion of C. juncea in Australia was causing major economic losses 

to wheat production by the 1930s (Panetta and Dodd, 1987, 1995), and releases of 

three biological control organisms (a rust pathogen, a gall mite, and a gall midge) 

were implemented in the 1970s (for recent updates see: Julien and Griffiths, 1998; 

Parsons and Cuthbertson, 2001; Hanley and Groves, 2002; Coombs et al., 2004). 

In North America these three biological control organisms were released during 

1975-1979 (Julien and Griffiths, 1998; Coombs et al., 1995). The autoecious rust 

fungus pathogen Puccinia chondrillina Bubak & Sydow (Uredinales: 

Puccineaceae) usually is present as uredinia pustules on shoots and rosette leaves 

(Hasan and Wapshere, 1973), and rust disease has been associated with reductions 

in parameters of C. juncea population growth (Adams and Line, 1984; Supkoff et 
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al., 1988). The eriophyid mite Eriophyes chondrillae (Canestrini) [= Aceria 

chondrillae Canestrini] (Acari: Eriophyidae) causes stunted shoots of host plants 

through the development of clusters of tiny hyperplasic buds (galls) at shoot tips 

and axillary nodes (Caresche and Wapshere, 1974), which directly reduces 

flowering and seed production of infested plants (Cullen et al., 1982; Spollen and 

Piper, 1995; Campanella et al., 2009). The cecidomyiid gall midge Cystiphora 

schmidti (Rübsaamen) (Diptera: Cecidomyiidae) causes small raised pustules 

within shoot cortex and leaf mesophyll tissues where larvae feed and pupate 

(Caresche and Wapshere, 1975). Each of the three biological control organisms is 

host-specific to Chondrilla (Hasan, 1972; Caresche and Wapshere, 1974, 1975). 

The occurrence and quantity of natural enemy damage on individual C. 

juncea ramets was monitored in a field survey (2006) to determine whether species 

associations were present among the biological control organisms. The consistency 

of statistical associations was assessed by comparing C. juncea stands at three 

levels of plant density, and the accuracy of associations was improved by 

accounting for covariation between ramet size and damage. Natural associations 

among biological control organisms of C. juncea have not been reported 

previously (in terms of the severity of damage), but we have examined species 

interactions in a previous greenhouse experiment by treating C. juncea plants with 

dual inoculations of the rust pathogen and the gall mite (Campanella et al., 2009). 

In the present study we address the following questions: 

1. How does natural enemy damage vary within and among C. 

juncea stands? 
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2. Do positive or negative species associations exist among 

biological control organisms of C. juncea? How well do patterns 

of association support the presence of facilitative or antagonistic 

species interactions? 

3. Are rust disease and mite galling associated with reductions in 

shoot growth? Is there a significant rust x mite interaction effect 

indicating a facilitative or antagonistic species interaction? 

4. Does the severity of mite galling vary with the presence or 

absence of rust disease? 
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Materials and Methods 

 

Field sites and sampling design 

In 2006 five field sites were chosen randomly from C. juncea stands on 

margins of gravel logging roads in the South Umpqua River watershed of 

southwest Oregon (Table 3). The weed is particularly abundant along a 50-km 

stretch of the Interstate-5 highway (from Myrtle Creek to Glendale) and in nearby 

road margins and fields. Plants in this region belong to the rust-susceptible “late-

flowering” weed biotype of C. juncea, which is distributed from eastern 

Washington to central California (Lee, 1986; Hasan et al., 1995). The surrounding 

vegetation zone is classified as mixed-evergreen Pseudotsuga-sclerophyll forest 

(Franklin and Dyrness, 1973). Road margins at the field sites are invaded by an 

exotic assemblage of plants that typically was dominated by Cynosurus echinatus 

L. (Poaceae) during the study. Other abundant species included Bromus sterilis L. 

(Poaceae), Medicago lupulina L. (Fabaceae), Rumex acetosella L. (Polygonaceae), 

and Trifolium arvense L. (Fabaceae). At each site a 60-m transect was established 

on the road margin opposite from the embankment, and 1.0 m x 1.0 m plots were 

positioned randomly along each transect. All aboveground C. juncea plant material 

was harvested from within each plot at the end of summer (31 August - 6 

September, 2006) by clipping each ramet at ground level. Clipped ramets were 

bagged individually, dried, and stored for inspection in the lab. 

Measurements of several variables were made in the lab for each dried 

ramet specimen. Stem basal area was calculated (πr2) from measurements of stem 
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diameter (10-1 mm) made with dial calipers at 1.0 cm above the cut base of the 

widest stem. Shoot dry biomass (10-2 g) is the total dry weight of all stems, cauline 

leaves, and mite galls (but excluding rosette leaves if present). The occurrences of 

mite galling, midge galling, and rust disease were noted for every specimen, and 

the occurrence of plant flowering also was noted as the presence of inflorescences 

(capitula) at any stage of development, which represents annual reproduction 

before and during the time of harvest.  

All mite gall tissue was removed by hand from each dried specimen and 

weighed separately (10-2 g). For some statistical tests stem-and-leaf dry biomass is 

used, which is the remainder of shoot dry biomass after mite gall dry biomass has 

been deducted. We found that variance in mite gall dry biomass increased with 

stem-and-leaf dry biomass due to an allometric constraint of shoot size, and 

therefore the severity of mite galling (defined as a proportion of shoot dry 

biomass) declined with increasing ramet size (Fig. 8). As a null distribution we 

assume that random variation in mite gall severity results in the relationship:  

H0: log10 (wg / ws) = -b/2 (log10 (A)),  

where wg is mite gall dry biomass, ws is shoot dry biomass, A is stem basal area, 

and b is the simple linear regression coefficient of shoot dry biomass on stem basal 

area (log-log scale). To account for the aggregation in mite galling caused by shoot 

size, mite gall severity index is defined as the residual deviation of observed mite 

gall severity (log10 (wg / ws)) from the expected mean. 

Midge gall severity is defined as the ratio of the number of galls to stem-

and-leaf dry biomass (galls per gram). Midge galling was quantified by visual 
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assessment of discolored or raised erumpent galls on entire shoots (Caresche and 

Wapshere, 1975) using an incremental scale of galling intensity (increments 2, 4, 

6, 8, and increments of 10 for higher values) that was developed from exact counts 

of galls on a random set of ramets. Exact counts of midge galls also were made for 

all ramets weighing less than 1.0 g.  

Rust disease was noted by observation of sporulating uredinia pustules on 

the surface of entire shoots (Adams and Line, 1984), and rust disease severity was 

assessed visually using on an ordinal scale with four classes (0-3): 0 = no 

sporulating pustules observed; 1 = trace severity, <0.1% surface area, or less than 

10 pustules total; 2 = sparse severity, 0.1 to 1.0% surface area, or scattered 

pustules typically without clustering; 3 = moderate to high severity, >1.0% surface 

area, or pervasive infection with some clustering. Necrotic plant tissue was not 

considered in the assessment of natural enemy damage because it could not be 

ascribed accurately to prior damage caused by either rust infection or midge 

galling, or to other physical causes. 

Data analysis was performed using SAS 9.1.3 Service Pack 3 (SAS 

Institute, Cary, North Carolina). The log10 transformation was applied to most 

quantitative variables to improve normality, and outliers were omitted from tests 

when appropriate (Sokal and Rohlf, 1995). The Canyon Mountain field site (low 

stand density) was omitted from all tests of mite gall damage because mite galling 

did not occur in the sample (Table1).  

 

Analysis of spatial heterogeneity among field sites 
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Heterogeneity among sites was assessed by using single-classification 

analysis of variance (ANOVA) of quantitative variables for each plot (N=58) with 

site as the independent factor (Sokal and Rohlf, 1995), and pairwise comparisons 

of group means were made using differences of least squares means with the 

Tukey-Kramer adjustment (MIXED procedure of SAS; Littell et al., 2006). The 

plot variables ramet density (log10 ramets m-2) and areal plant yield (log10 g m-2) 

were calculated from sums of ramet data. Areal mite gall severity was calculated 

as the proportion of areal plant yield represented by the total mite gall yield in each 

plot (zero values included, arcsine transformation). Areal midge gall severity (log10 

galls g-1 m-2) was estimated as the ratio of midge galls relative to areal plant yield, 

by back-calculating the total number of midge galls in each plot (zero values 

included). R x C test of independence using G-test (Sokal and Rohlf, 1995) was 

used in lieu of ANOVA to test differences among field sites in the frequencies (per 

ramet) of ordinal classes of rust disease severity (classes 1-3).  

 

Analysis of species associations 

For tests of association the quantitative severities of each type of natural 

enemy damage were defined by omitting replicates (ramets) lacking damage 

(“conditional severity”; Madden et al., 2007). Field sites were characterized by 

three levels of stand density (low, medium, and high; Table 3) for separate tests of 

association, and to improve statistical power data were pooled from the three 

medium density stands. This pooling of data is supported by non-significant 

differences in ramet density among the medium density stands (P<0.23), and the 
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consistency of the pooled results were checked by separate tests for each field site 

(unpublished results). 

Several tests of association were made between pairwise combinations of 

variables. The covariation of ramet size (log10 stem basal area) with the 

occurrences of each type of natural enemy damage (mite galling, midge galling, 

and rust disease) or flowering was tested using logistic regression (binomial 

distribution and logit link; Littell et al., 2002; Schabenberger and Pierce, 2002). 

The covariation between mite galling and the occurrence of flowering was tested 

using logistic regression (binomial distribution and logit link) with mite gall 

severity index as the explanatory variable. Associations among the three 

quantitative variables (log10 stem basal area, mite gall severity index, and log10 

midge gall severity) were estimated with Pearson correlation tests (Sokal and 

Rohlf, 1995). Associations among those three variables and rust disease severity 

were tested using ordinal logistic regression (multinomial distribution and 

cumulative logit link), and in lieu of correlation coefficients the slope of the 

regression estimate (β) was used to evaluate the null hypothesis (Littell et al., 

2002).  

 

Influence of mite galling and rust disease on shoot growth  

The relationship between C. juncea stem basal area and stem-and-leaf dry 

biomass exhibits high covariation on the log-log scale (see Results). Ecological 

factors that influence seasonal growth after bolting therefore may cause deviation 

from the regression mean of this allometric relationship (shoot growth residuals). 
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This assumption is supported by evidence from a greenhouse experiment 

(Campanella et al., 2009) in which C. juncea shoot growth residuals were 

significantly reduced (P<0.02) by mite galling (unpublished results). This 

relationship was used to test the hypothesis that mite galling and rust disease each 

reduces shoot biomass in natural stands of C. juncea. Shoot growth residual values 

were derived from curvilinear regression models (linear and squared terms; Sokal 

and Rohlf, 1995) with a restricted y-intercept (-0.606) estimated from the entire 

data. Differences between mean residual values were tested using 2 x 2 factorial 

ANOVA, with presence/absence of mite galling (Mite) and presence/absence of 

rust disease (Rust) as the two main factors of the model. The significance of the 

Mite x Rust interaction term was used to assess the hypothesis of facilitative or 

antagonistic effects of the two natural enemies on shoot growth.  

An additional test was made to address the hypothesis that the severity of 

mite galling on C. juncea ramets is modified by the presence of rust disease. The 

difference between means of mite gall severity index (see above) for rust-diseased 

and rust-free ramets was evaluated using unpaired t-tests (Sokal and Rohlf, 1995).  
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Results 

 

Spatial heterogeneity among field sites 

Table 3 shows the differences among field sites in the number of ramets 

sampled and the frequencies of mite galling, midge galling, and rust disease. 

Midge galling was the most prevalent type of natural enemy damage, occurring in 

54 of 58 plots, and on 82% of all ramets. Rust disease was least prevalent at 

Canyon Creek (occurring in only one plot), which is consistent with results from a 

common garden experiment indicating that plants in that stand possess a genetic 

basis to quantitative rust-resistance (Campanella et al., 2009). The absence of mite 

galling at Canyon Mountain could be related to winter mortality of mites at higher 

elevations (Milan et al., 2006) as well as the low stand density. 

Significant differences were found among field sites for each plot variable 

that was tested. Differences among sites in mean areal plant yield (P<0.005, Fig. 

7a) were less pronounced than differences in mean ramet density (Table 3), 

indicating that shoot growth may compensate for variation in density, possibly due 

to competitive self-thinning or clonal integration of ramets. Mite galling was the 

most spatially heterogeneous type of damage among the three natural enemies. 

Mean areal mite gall severity was 32.4% greater at high density than it was in the 

medium density stands (P<0.0001; Fig. 7c), and mean areal midge gall severity 

also differed among sites (P<0.005; Fig. 7b). The incidence of rust disease varied 

among field sites (Table 3, Fig. 7d), but the relative distribution of disease severity 
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did not (severity classes 1-3; R x C test of independence using G-test: d.f.=8, 

Gadj=2.382, Gcrit=15.507, P=0.97). 

  

Species associations and aggregation within stands 

Mite galling and midge galling both exhibited significant aggregation with 

ramet size in C. juncea stands. Mite galling was positively associated with ramet 

size at high stand density, in terms of occurrence (Table 4) and severity (r=0.167; 

Table 5a, Fig. 9a). The occurrence of midge galling was positively associated with 

ramet size at each level of stand density (Table 4), but the severity of midge 

galling was significantly associated with ramet size only in the high density stand 

(r=0.140; Table 5a, Fig. 9b). These results indicate a strong tendency for smaller 

ramets to escape mite galling and midge galling (occurrence), as well as a weak 

tendency for larger ramets to receive disproportionately greater damage (severity). 

However, these patterns of aggregation were detected primarily in the high density 

stand at Turkey Creek, which also had the greatest levels of damage overall (Fig. 

7), and in general there appears to be a very large random component to the 

variance of midge galling and mite galling (Fig. 9). Rust disease was not 

significantly associated with ramet size in any test of disease occurrence (Table 4) 

or severity (Table 5a). 

The occurrence of flowering was positively associated with ramet size at 

low and medium stand densities, and it was negatively associated with mite gall 

severity index at medium stand densities (Table 4). This pattern may be caused by 

reductions in flowering caused by mite galling, or it may simply be due to mite 
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gall severity index declining with ramet size (Table 5a). However, there is a 

negative correlation (r=-0.86) between the incidence of flowering (Table 3) and 

areal mite gall severity (Fig. 7) among the four sites where mite galling occurred, 

which is consistent with an inhibitory effect of mite galling. At high stand density, 

non-significant results (Table 4) are likely due to the low incidence of flowering 

which may have been caused by the high incidence and severity of mite galling at 

the Turkey Creek site (Table 3, Fig. 7).  

Tests of association revealed no significant covariation between the 

severities of mite galling and rust disease (Table 5b). However, negative species 

associations were detected between midge galling and the other two natural 

enemies. The severity of midge galling declined significantly with mite gall 

severity in the high density stand (r=-0.362, P<0.0001; Table 5b, Fig. 9c), and this 

result is not likely to be confounded by underlying covariation with ramet size, 

which was positively associated with both natural enemies (Table 5a, Figs. 3a, 3b). 

Similarly, the severity of midge galling declined with rust disease severity in the 

high density stand (P=0.050; Table 5b, Fig. 10) even though rust disease severity 

was not significantly associated with ramet size (Table 5a). Taken together, these 

negative species associations may be related to antagonistic interactions between 

the gall midge and each of the other biological control organisms of C. juncea, but 

only when all three natural enemies have caused relatively high levels of damage 

(i.e., at high stand densities).  

 

Influence of mite galling and rust disease on shoot growth  
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Analysis of shoot growth residuals indicates that rust disease causes 

reductions to C. juncea growth, but no significant rust x mite interaction effects 

were detected. Stem-and-leaf dry biomass exhibited high covariation (P<0.0001) 

with stem basal area at each level of C. juncea stand density (Fig. 11). ANOVA of 

shoot growth residuals revealed a significant effect of rust disease, which was 

associated with greater residual values in low (P<0.01; Fig. 11b) and medium 

density stands (P<0.002; Fig. 11d), but was associated with lesser residual values 

in the high density stand (P<0.02; Fig. 11f). This result supports the hypothesis 

that rust disease reduces annual shoot growth after bolting in natural stands of C. 

juncea, but only at high stand density. At low and medium stand densities, rust 

disease was more likely to be expressed on shoots that had greater than average 

growth after bolting, without causing significant reductions in growth. Similarly, at 

medium stand density mite galling was associated with greater than average shoot 

growth (P<0.04; Fig. 11d). These findings stand in contrast to the results from a 

greenhouse experiment (Campanella et al., 2009) in which C. juncea shoot growth 

residuals were significantly reduced by mite galling but not by rust disease 

(unpublished results). This discrepancy is likely due to higher mite gall severity 

and lower rust disease severity on shoots in the greenhouse experiment.  

Our field survey shows no evidence of non-additive facilitative or 

antagonistic species interactions between the rust pathogen and the gall mite of C. 

juncea. Significant mite x rust interaction effects were not detected for mean shoot 

growth residuals at any level of stand density (Fig. 11). Covariation between rust 

disease and mite gall severity yielded no evidence of significant association (Table 
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5b), and mite gall severity also was not significantly modified by the presence of 

rust disease (Fig. 12).  
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Discussion 

 

Three decades after organisms were released for biological control of C. 

juncea in North America (Coombs et al., 1995; Julien and Griffiths, 1998), our 

monitoring survey is the first to measure species associations among the natural 

enemies in terms of the severity of damage. Previous surveys have shown rust 

disease to be associated with declines in C. juncea growth, reproduction, and 

population density following the initial releases of the rust pathogen P. 

chondrillina in North America (Adams and Line, 1984; Supkoff et al., 1988). 

Similarly, we found rust disease to be negatively associated with shoot growth, but 

only at high stand density which may be required for epidemiological conditions to 

promote reduction of growth in C. juncea. Rust disease otherwise appears to be 

randomly distributed among ramets within C. juncea stands, although the 

incidence of disease also varied among field sites. 

Strong spatial variation of gall damage caused by the mite E. chondrillae 

was detected both among and within C. juncea stands. Heterogeneity of mite 

galling among C. juncea field sites has been noted previously (Milan et al., 2006), 

and in general the severity of mite galling increased with stand density in our 

survey. The influence of mite galling on C. juncea reproduction was apparent at 

the landscape scale because the incidence of flowering declined with mean areal 

mite gall severity of each field site. The overall pattern of mite galling is consistent 

with an inhibitory effect on flowering, but negative associations between mite 

galling and flowering were statistically significant only at medium stand density. 
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Aggregation in mite galling also is clearly related to C. juncea ramet size. 

The amount of mite galling increases with ramet size, but it increases less than the 

increase in shoot biomass because variance in mite galling is constrained by the 

size of C. juncea shoots. Therefore mean mite gall severity declines with ramet 

size when severity is expressed as a proportion of total shoot biomass. This 

allometric constraint is consistent with previous research findings that galling by 

eriophyid mites does not increase with shoot size in certain tree species (Burgess 

and Thompson, 1985; Vuorisalo et al., 1989; Ishihara et al., 2007). As a 

consequence, larger C. juncea ramets may lose a smaller proportion of their seed 

set to mite galling, which also is the case with more fecund weed biotypes 

(Campanella et al., 2009). However, galling caused by other types of arthropods 

may generally increase with shoot size (Araujo et al., 2006), which is consistent 

with patterns of aggregation of the gall midge C. schmidti. Furthermore, there are 

numerous small non-reproductive ramets in C. juncea stands that provide a 

considerable source of mite gall inoculum. In our survey no shoot weighing less 

than 0.99 g was observed to flower, which comprised 5.3 % of total plant yield but 

25.0 % of total mite gall yield across the entire sample (even though small ramets 

also were more likely to escape mite galling). By contrast, only 3.2 % of the 

estimated total number of midge galls occurred on these small non-reproductive 

ramets.  

No significant associations were detected between rust disease and mite 

galling, which is consistent with previous findings from greenhouse experiments 

showing that the effects of rust disease and mite galling on C. juncea plant 
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performance are independent and complementary (Campanella et al., 2009). The 

same experiments also identified competitive indirect effects in 2007 when effects 

of both natural enemies were relatively large, but non-significant greenhouse 

results during 2006 are consistent with field data during the same year. Hotter 

weather during 2006 may have inhibited indirect effects in the greenhouse and in 

the field, although significant main effects of rust disease reduced shoot growth in 

both environments (Campanella et al., 2009). In the field, rust disease is more 

randomly distributed than mite galling, and it also has a greater impact on shoot 

growth. 

Negative species associations detected in this study may be caused by 

species interactions between the gall midge and the other two natural enemies (the 

rust pathogen and gall mite) which form resident infections on C. juncea shoots. 

One possibility is that adult female midges may prefer to oviposit in C. juncea 

shoots with less severe damage by the other organisms. Pustules and mycelia of 

rust fungi may interfere with insect oviposition (Kok et al., 1996; Kruess, 2002; 

Rayamajhi et al., 2006), and mite galling caused by E. chondrillae also may reduce 

the amount of host tissue available by stunting C. juncea shoot tips (Caresche and 

Wapshere, 1974). Midge galls become visible 10-12 days following oviposition, 

and adults emerge after an additional 12-34 days (Caresche and Wapshere, 1975). 

Therefore an alternative hypothesis of species interaction is that early development 

of midge galls may be inhibited by resource competition within the shoot (Hatcher, 

1995; Denno and Kaplan, 2007; Kaplan and Denno, 2007), thus preventing the 

visual appearance of galls following oviposition. These two hypotheses 
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(interference or resource competition) are not mutually exclusive, and either 

mechanism could depend on the intensity of natural enemy damage. Such density 

dependence also may explain why negative species associations occurred only 

with relatively high levels of damage.  

Epidemiologists have developed several evaluative criteria for the 

inference of causation from observational ecological data (Plowright et al., 2008). 

Statistical associations generally provide strong support for two criteria (biologic 

gradient, and strength of association) because a causal factor should demonstrate 

dose-response relationships with disease (Plowright et al., 2008). Species 

interactions are reasonable to infer from observational associations given adequate 

assessment of spatiotemporal variation and knowledge of the biology of the 

associated organisms (Dobson, 1990; Lello et al., 2004; Bottomley et al., 2005; 

Pethybridge and Turechek, 2003; Seabloom et al., 2009). In our survey these 

statistical criteria are supportive of species interactions between the gall midge and 

the other two natural enemies of C. juncea, but further study is needed to evaluate 

two important criteria that remain inconclusive. The criterion of consistency 

requires greater replication of field sites because significant associations were 

found only at one field site in our survey. Annual climatic variation also may 

influence species associations because during hotter weather midge galling 

increases (Caresche and Wapshere, 1975; Moore 1987, 1991) and rust disease 

declines (Hasan and Wapshere, 1973). Larger samples of ramets within C. juncea 

stands may be needed at low and medium stand densities to ensure that statistical 

power is adequate for tests of association. The criterion of experimental evidence 
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(Plowright et al., 2008) has been tested by previous greenhouse experiments on the 

C. juncea mite-rust interaction (Campanella et al., 2009), and those combinatorial 

experiments also may be repeatable in field conditions. 

The quantitative severity of natural enemy damage in the biological control 

of C. juncea (e.g., Adams and Line, 1984) is more indicative of impacts on plant 

growth and fitness (Madden et al., 2007) than is incidence, which represents the 

spatial spread of natural enemy damage (e.g., Supkoff et al., 1988, Milan et al., 

2006). Severity estimates also allow modelling of dose-response bioassays 

(Johnson, 1999) and the estimation of effect sizes for different levels of species 

association. Experiments have not been attempted to test the midge-rust or midge-

mite interactions, but factorial designs should be feasible using controlled 

treatments of the gall midge C. schmidti that have been applied in previous studies 

(Caresche and Wapshere, 1975; Moore 1987, 1991), and that possibly could be 

used in combinations with selective pesticides (McEvoy and Coombs, 1999, 2000; 

Fournier et al., 2006). A different experimental approach could involve 

establishing rust-mite combinations on plants in the greenhouse (Campanella et al., 

2009) and then moving pots into the field in order to measure the natural 

colonization of midge galls.  

In summary, the C. juncea mite-rust interaction seems to be consistently 

independent based on observational and experimental evidence. The hypothesis of 

midge-rust and midge-mite antagonism is supported by species associations at 

high stand density of C. juncea, but more replication of field sites is needed to 

evaluate the consistency of those associations. However, negative species 
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associations were found primarily with high levels of damage by all three 

organisms, and therefore the overall impact of biological control probably is not 

strongly diminished by enemy interference.  
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Table 3. Attributes of study sites used in a field survey of C. juncea in southwest 
Oregon (2006). Columns are ordered by increasing ramets per plot, and the stand 
density categories are supported by non-significant differences in ramet density 
among the medium density stands (P<0.23). Incidences of natural enemy damage 
or flowering indicate the frequency of occurrence on ramets at each site. 
 

Field sites 
 

Canyon 
Mountain 

(M) 
 

Canyon 
Creek 

(C) 

Buckhorn  
Turnabout 

(U) 

Gazley 
Road 
(G) 

Turkey 
Creek 

(T) 
 

Sample size: 
ramets (plots) 

 

23 
(12) 

53 
(12) 

59 
(11) 

94 
(12) 

342 
(11) 

Stand density 

 

Low Medium Medium Medium High 

Incidence of  
mite galling 

 

0.000 
 

0.377 
 

0.695 
 

0.181 
 

0.921 
 

Incidence of  
midge galling 

 

0.826 
 

0.868 
 

0.610 
 

0.830 
 

0.842 
 

Incidence of  
rust disease 

 

0.739 
 

0.132 
 

0.390 
 

0.319 
 

0.465 
 

Incidence of  
flowering 

 

0.478 
 

0.435 
 

0.153 
 

0.777 
 

0.061 
 

Latitude (N), 
Longitude (W) 

 

42° 53.90’, 
123° 17.57’ 

42° 52.47’, 
123° 16.56’ 

42° 51.51’, 
123° 15.84’ 

42° 58.72’, 
123° 16.97’ 

42° 52.49’, 
123° 14.11’ 

Elevation (m), 
aspect 

 

975, 
SSE 

395, 
E 

695, 
SE 

580, 
NW 

425, 
W 

Road 

 

30-5-31 31-5-2 31-5-15 N Gazley Rd Turkey Ck Rd 
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Figure 7. Spatial heterogeneity in areal yield (a) and natural enemy damage (b, c) 
of C. juncea stands at five field sites (Table 3). Least-squares means are shown 
with 95% confidence intervals (error bars), and identical letters above bars indicate 
non-significant differences (P>0.05) in pairwise comparisons between sites. 
Columns are ordered by increasing ramet density (Table 3). The stacked column 
chart at lower right (d) displays the frequency distribution (per ramet) of rust 
disease severity classes (0-3) at each site. The relative distribution of rust disease 
(conditional severity classes 1-3) does not differ significantly between field sites 
(P=0.97). 
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Figure 8. Mite galling increases less with ramet size (stem basal area) of C. juncea 
than does shoot biomass at medium and high stand densities. Mite gall dry 
biomass increased less than total shoot dry biomass (P<0.0001) across the wide 
range of ramet size (left), which results in disproportionately greater mean mite 
galling on smaller shoots (right). As a null distribution we assume that random 
variation in mite gall severity (log-scale proportion) results in the relationship: H0: 
log10 (wg / ws) = -b/2 (log10 (A)), where wg is mite gall dry biomass, ws is shoot dry 
biomass, A is stem basal area, and b is the simple linear regression coefficient of 
shoot dry biomass on stem basal area (log-log scale). Residual deviation from the 
expected mean (right) was used to define mite gall severity index for tests of 
statistical association. 
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Table 4. Statistical associations between plant size (log10 stem basal area) and the 
occurrences of flowering or natural enemy damage (mite galling, midge galling, 
and rust disease) on C. juncea ramets. Association between the occurrence of 
flowering and mite gall severity index also is listed. Data are grouped for separate 
tests of low, medium and high stand densities (Table 3). β is the estimated slope of 
logistic regression, and statistically significant associations (P<0.05) are indicated 
in bold.  
 
 

Comparison Stand 
density 

N 
(ramets) 

Covariation  
(β) 

χ2 P 

Mite occurrence Low 23 . . . 
vs. Medium 206 0.371 2.01 0.157 

stem basal area High 342 1.753 12.72 0.0004 

Midge occurrence Low 23 3.863 9.68 0.002 
vs. Medium 206 3.622 80.81 <0.0001 

stem basal area High 342 3.389 67.43 <0.0001 

Rust occurrence Low 23 0.236 0.08 0.777 
vs. Medium 206 -0.197 0.52 0.472 

stem basal area High 342 -0.469 2.72 0.099 

Flowering 
occurrence 

Low 
23 2.483 

7.33 
0.007 

vs. Medium 206 1.834 40.69 <0.0001 
stem basal area High 342 0.267 0.20 0.655 

Flowering 
occurrence 

Low 
0 . 

. 
. 

vs. Medium 78 -1.481 13.25 0.0003 
mite gall severity High 311 -0.800 1.90 0.168 
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Table 5. Statistical associations among quantitative variables of plant size (stem 
basal area) and natural enemy damage (mite gall severity index, midge gall 
severity, and rust disease severity) in C. juncea stands. Data are grouped for 
separate tests of low, medium, and high stand densities (Table 3). For each type of 
natural enemy, severity is conditional upon the occurrence of damage (i.e. 
undamaged plants are omitted). Covariation is estimated as Pearson correlation 
coefficients (r), or as the slope of ordinal logistic regression (β) for the tests that 
include rust disease severity. Statistically significant associations are indicated in 
bold. 
 
a) Covariation between plant size (stem basal area) and natural enemy damage 
 

Comparison Stand 
density 

N Covariation 
(r) 

Covariation  
(β) 

χ2 P 

Mite severity Low 0 .   . 
vs. Medium 78 -0.221   0.052 

stem basal area High 311 0.314   <0.0001 

Midge severity Low 19 -0.067   0.784 
vs. Medium 160 0.012   0.815 

stem basal area High 288 0.140   0.018 

Rust severity Low 17  -0.500 0.35 0.552 
vs. Medium 60  0.175 0.12 0.728 

stem basal area High 159  0.606 2.14 0.144 
 

b) Covariation among three types of natural enemy damage 

Comparison Stand 
density 

N Covariation 
(r) 

Covariation  
(β) 

χ2 P 

Mite severity Low 0 .   . 
vs. Medium 63 -0.031   0.808 

midge severity High 266 -0.362   <0.0001 

Mite severity Low 0  . . . 
vs. Medium 29  -0.983 2.51 0.113 

rust severity High 147  0.181 0.19 0.664 

Midge severity Low 14  -0.633 0.26 0.610 
vs. Medium 49  -0.604 1.27 0.260 

rust severity High 123  -0.792 3.84 0.050 
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Figure 9. Covariation of ramet size (stem basal area) and natural enemy damage at 
high stand density of C. juncea. Both mite gall severity (a) and midge gall severity 
(b) are positively associated with plant size, but they are negatively associated with 
each other (c). 
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Figure 10. Negative association between rust disease severity and midge gall 
severity at high stand density of C. juncea. Mean conditional midge gall severity 
and 95% confidence intervals are shown for each ordinal class of rust disease 
severity. 
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Figure 11. Shoot growth of C. juncea is negatively associated with the presence of 
rust disease at high stand density, but it is positively associated at medium stand 
density, and interactions with mite galling are not significant. Covariation in the 
allometric relationship of stem-and-leaf dry biomass (g) and stem basal area (mm2) 
of C. juncea ramets is shown for separate tests of low, medium, and high stand 
densities (Table 3). Co-occurrence (0 = absent, 1= present) of mite galling and rust 
disease is shown in scatterplots at left (white = Mite 0 rust 0; orange = Mite 0 rust 
1; green = Mite 1 rust 0; black = Mite 1 rust 1), and mean residual values (log10-
transformed) of those co-occurrence groups are displayed in bar graphs at right. 
Statistical significance (P-value) is shown for the effects of mite gall occurrence 
(Mite), rust disease occurrence (Rust), and their interaction (M x R) from 2 x 2 
factorial ANOVA of residual values (least-squares means and 95% confidence 
intervals). Mite galling did not occur in the low density stand. 
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Figure 12. The severity of mite galling was not modified by the presence of rust 
disease in C. juncea stands. Statistical significance (P-value) is shown for unpaired 
t-tests (least-squares means and 95% confidence intervals). (Rust 0 = rust disease 
absent; Rust 1 = rust disease present.) 
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Abstract 

 

Meiotic diplospory is an unusual mechanism of gametophytic apomixis 

that occurs in triploid dandelions (Taraxacum officinale) and only a few other 

kinds of flowering plant. Crossing-over during prophase I of meiotic diplospory 

has the potential to generate genotypic diversity in apomictic lineages because it 

involves homologous recombination without fertilization (“subsexual 

reproduction”). I developed a stage-structured matrix model of inheritance in 

subsexual reproduction using a wide range of probabilities for recombination and 

mutation to assess the range of equilibrium conditions under which genotypic 

diversity is stable in obligately apomictic lines. The analysis supports predictions 

of genotypic diversity when rates of crossing-over and mutation are not highly 

imbalanced, and therefore subsexual reproduction remains mathematically 

plausible as a contributing factor to the high genetic variation often observed in 

natural populations of apomictic dandelions. Empirical estimates of the rates of 

recombination and mutation in different regions of the Taraxacum genome still are 

needed to further evaluate the conditional predictions of the model. 
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Introduction 

 

Apomixis in flowering plants comprises a multitude of developmental 

mechanisms occurring in a diverse variety of taxa, through which viable embryos 

are produced in seeds without fertilization of egg cells (Nogler, 1984; Asker and 

Jerling, 1992; Richards, 2003; Ozias-Akins and van Dijk, 2007). Nearly all forms 

of apomixis in angiosperms utilize mitotic cell divisions (of either megaspore 

mother cells or somatic cells of the ovule), and therefore offspring are expected to 

be genetically identical to the maternal parent, notwithstanding somatic mutation 

in apomictic cell lines (Richards, 2003). Though relatively unusual, meiotic forms 

of apomixis also exist in some flowering plants and may promote genetic variation 

through mechanisms of recombination that function in meiosis (Nogler, 1984; 

Asker and Jerling, 1992; Ozias-Akins and van Dijk, 2007). One such form of 

apomixis known as meiotic diplospory occurs in the common dandelion 

(“Taraxacum-type apomixis”) and has been reported in only a few other plant 

species (Nogler, 1984; Naumova, 2001). Obligately apomictic genotypes of 

Taraxacum and Chondrilla (Asteraceae) are typically triploid and have broad 

ecological and geographic distributions as invasive weeds (van Dijk, 2003).  

Cyril D. Darlington coined the phrase “subsexual reproduction” to 

distinguish meiotic diplospory from mitotic forms of apomixis and to emphasize 

the role of recombination via crossing-over and random segregation (Darlington, 

1937, 1939). In meiotic diplospory, crossing-over is less frequent than in normal 

meiosis due to asynapsis at prophase I (van Baarlen et al., 2000), and the failure of 
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cell division results in a single unreduced restitution nucleus at interkinesis 

(Nogler, 1984). Meiosis II proceeds as normal to cause random segregation of 

sister chromatids into two triploid daughter cells, one of which develops without 

fertilization into an embryo sac, and the other which degenerates (Nogler, 1984). 

Crossing-over therefore has the potential to generate genetic variation in obligately 

apomictic lineages because heterozygous loci may undergo homologous 

recombination (Darlington, 1937, 1939; van Baarlen et al., 2000).  

The importance of subsexual reproduction as a source of genotypic 

variation has been viewed tentatively due to uncertainty about the rate of crossing-

over in apomictic Taraxacum (Richards, 1996), but recent observations in 

apomictic genotypes of T. officinale have shown bivalent pairing and chiasma 

formation to occur at rates that are only about four times less than in sexual diploid 

genotypes (van Baarlen et al., 2000). Cytological evidence of crossing-over also 

has been observed in meiotic diplospory of Chondrilla juncea (Bergman, 1950), 

Boechera holboellii (Brassicaceae) (Böcher, 1951), and Agropyron scabrum 

(Poaceae) (Hair, 1956). Mutations and chromosomal anomalies occur frequently in 

apomictic dandelions (King and Schaal, 1990; Richards, 1996), and the relative 

contribution of crossing-over to genetic variation has remained unclear due to this 

high baseline rate of somatic mutation. However, molecular marker data has 

provided support for a significant role of meiotic recombination in native 

populations of apomictic Taraxacum (van der Hulst et al., 2003).  

Just how would the processes of crossing-over and mutation combine to 

influence genetic variation in apomictic dandelions? With this question in mind, I 
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developed a mathematical model of inheritance in subsexual reproduction to assess 

the range of equilibrium conditions for which genotypic diversity is stable in 

apomictic lineages. The model is intended to clarify the role of crossing-over 

originally described by Darlington and to evaluate the plausibility of genotypic 

diversity (Darlington, 1937, 1939; van Baarlen et al., 2000; van Dijk, 2003). 
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Materials and Methods 

 

Laws of Mendelian inheritance were applied to derive the expected 

frequencies of offspring genotypes following crossing-over in meiotic diplospory 

(Table 6). Based on those frequencies, a stage-structured matrix model was 

developed (Table 7) to represent single-step transitions between triploid 

genotypes, using probabilities of either mutation (μ) or meiotic recombination (r) 

of a single locus (Bi), and without consideration of dominance or expression of 

traits. The model is structured with three states (alleles B1, B2, and B3) of three 

components (homologous chromosomes) representing a total of ten combinations 

(triploid genotypes) in an obligately apomictic lineage. Back-mutations are not 

included because in general they are very rare relative to forward mutations and 

therefore would have only a minute influence on equilibrium distributions. 

Recombination may be considered to occur through either crossing-over (rc) or 

gene conversion (rg) because expected genotype frequencies are the same with 

either mechanism (Appendix A). 

Genotype frequencies at equilibrium are determined by calculating the 

stable stage distribution (w, right eigenvector) of the transition matrix (Table 7). I 

determined stable stage distributions for independent values of r and μ across a 

broad range (10-1 to 10-9) because estimates of those rates may vary widely 

(Morrell et al., 2006; Mézard et al., 2007). In essence, the stable distributions 

presented here are analogous to Hardy-Weinberg equilibrium frequencies for 

populations of out-crossing diploid organisms. They represent the genetic “resting 
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state” of apomictic dandelion lineages in the absence of selection pressure or 

microevolutionary processes other than mutation. 
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Results 

 

The organization of the matrix model illustrates a kind of reciprocity in the 

mechanism of subsexual reproduction, because crossing-over generates balanced 

frequencies of homozygous genotypes in apomictic lineages, while mutation 

initiates heterozygosity with novel alleles (van Baarlen et al., 2000). The central 

finding of the analysis is that triploid genotypes are not fixed in stable distributions 

across a wide range of values for r / μ (Fig. 13). There is an 8:6:1 ratio of ternary 

heterozygous (B1B2B3) to binary heterozygous (BiBiBj) to homozygous genotypes 

when probabilities of crossing-over and mutation are equal (i.e. when r / μ = 1) 

(Fig. 13). Furthermore, genotype frequencies depart from initial distributions and 

reach equilibrium distributions during ecological scales of time if rates of mutation 

and crossing-over are relatively high (Fig. 14).  

Population estimates of the ratio r / μ are around 0.05 for Arabidopsis and 

1.5 for barley and maize (Morrell et al., 2006). However, locus-specific estimates 

of r vary over several orders of magnitude (approximately 10-3 to 1 per megabase 

pair (Mb)) due to chromosomal hotspots of recombination in plant genomes 

(Mézard et al., 2007). Rates of gene mutation generally are assumed to be about 

10-3 to 10-5 per Mb, with the higher range perhaps being more realistic for 

Taraxacum (King and Schaal, 1990; Richards, 1996). Therefore the ratio r / μ is 

estimated roughly to range from about 1 to 103 in apomictic Taraxacum genomes, 

with a mean value closer to 1 for typical loci. This leads to a prediction of 

genotypic diversity for most loci (Fig. 13), while crossing-over is expected to 
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cause homozygosity (high r / μ) for loci on distal ends of chromosomes (van 

Baarlen et al., 2000). Fixation of heterozygosity (low r / μ) also may be frequent 

near centromeres where rates of crossing-over are lower (Mézard et al., 2006). 

Selection pressure may cause deviation from equilibrium distributions, which is 

not modeled here, but it is clear that constant inheritance is not expected in 

apomictic dandelion lineages unless meiotic recombination is relatively rare. 
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Discussion 

 

In conclusion, mathematical analysis of the mechanism of inheritance in 

subsexual reproduction supports predictions of genotypic diversity for obligately 

apomictic Taraxacum (King and Schaal, 1990; van Baarlen et al., 2000; van der 

Hulst et al., 2003; van Dijk, 2003). Therefore subsexual reproduction remains 

plausible as a contributing factor to the high genetic variation often observed in 

natural populations of apomictic dandelions (Miermans et al., 2003; van der Hulst 

er al., 2003). The probability of crossing-over is independent for each occurrence 

of meiosis in a population (i.e., for each egg cell), and thus we can expect a small 

proportion of embryos in an apomictic cohort to have recombined genotypes due 

to crossing-over, even in relatively small populations. The full array of ten triploid 

genotypes is expected to be stable if rates of crossing-over exceed mutation rates 

by less than two orders of magnitude (Fig. 13). However, genomic variation in 

recombination rates (Morrell et al., 2006; Mézard et al., 2007) may promote 

different evolutionary outcomes among loci, and those rates should be estimated 

empirically for Taraxacum-type apomicts to evaluate further the conditional 

predictions of the model.  

Taraxacum-type apomixis has importance as an unusual genetic system 

that may illuminate theoretical explantions for the evolution of sexual reproduction 

(Darlington, 1939; King and Schaal, 1990; Richards, 1996; van Baarlen et al., 

2000; van Dijk, 2003; Archetti, 2004). One intriguing property of subsexual 

reproduction is that genetic polymorphisms may originate from the effect of 
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meiotic diplospory to produce balanced frequencies of homozygous triploid 

genotypes. Higher rates of crossing-over also could facilitate the unloading of 

deleterious alleles under conditions of selection against homozygous recessives 

(van Baarlen et al., 2000; van Dijk, 2003; Archetti, 2004). The hypothetical fitness 

advantages of meiotic diplospory are potentially complex, and may involve a 

degree of genetic diversity, stability of inheritance, and purging of deleterious 

alleles in apomictic lineages. The evolution of apomixis in native populations of 

Taraxacum-type apomicts also involves facultative modes of reproduction 

controlled by apomixis genes at multiple loci, and transitions between levels of 

polyploidization (Meirmans et al., 2003; van Dijk, 2003; Verduijn et al., 2004; 

Ozias-Akins and van Dijk, 2007). The model presented here is most applicable to 

obligately apomictic genotypes of ecologically invasive Taraxacum or Chondrilla, 

but the matrix could be used to examine the genetic consequences of meiotic 

diplospory under a wider variety of evolutionary scenarios. 
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Table 6. Laws of Mendelian inheritance are applied to derive the expected genotype frequencies of offspring in Taraxacum-type 
apomixis following crossing-over. The outcome of recombination is shown for a triploid locus (Bi) with three alleles (B1, B2, and B3) 
and either binary (a) or ternary (b) heterozygosity. The frequency of each possible recombination event (arrows) is a function of the 
probability of crossing-over (rc) at prophase I, which results in recombined chromosomes at restitution (sister chromatids are shown in 
brackets). Random alignment of sister chromatids at the metaphase II plate (dashed lines) then leads to two equally probable (50% 
each) outcomes of segregation into daughter cells. A full description of the cytological mechanism of meiotic diplospory is provided 
by Nogler (1984). 
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 Table 6. (continued) 
 

(a) binary heterozygous 
parent: B1B1B2 

 

    

probability of recombination 
due to crossing-over 

 

restitution random alignment (50%) random alignment (50%) expected frequencies of offspring 
following crossing-over 

rc / 3 
(B1 ↔ B1) 

[B1B1] [B1B1] [B2B2] B1B1B2 
---------- 
B1B1B2 

 

B1B1B2 
---------- 
B1B1B2 

2/3   B1B1B2 
1/6   B1B1B1 
1/6   B1B2B2 

2rc / 3 
(B1 ↔ B2) 

[B1B1] [B1B2] [B1B2] B1B1B1 
---------- 
B1B2B2 

 

B1B1B2 
---------- 
B1B2B1 

 

(b) ternary heterozygous 
parent: B1B2B3 

 

    

probability of recombination 
due to crossing-over 

 

restitution random alignment (50%) random alignment (50%) expected frequencies of offspring 
following crossing-over 

rc / 3 
(B1 ↔ B2) 

[B1B2] [B1B2] [B3B3] B1B1B3 
---------- 
B2B2B3 

 

B1B2B3 
---------- 
B2B1B3 

1/2   B1B2B3 
1/12   B1B1B2 
1/12   B1B1B3 
1/12   B1B2B2 

rc / 3 
(B2 ↔ B3) 

[B1B1] [B2B3] [B2B3] B1B2B2 
---------- 
B1B3B3 

 

B1B2B3 
---------- 
B1B3B2 

1/12   B1B3B3 
1/12   B2B2B3 
1/12   B2B3B3 

rc / 3 
(B1 ↔ B3) 

[B1B3] [B2B2] [B1B3] B1B2B1 
---------- 
B3B2B3 

B1B2B3 
---------- 
B3B2B1 
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Table 7. Stage-structured model of subsexual reproduction for ten triploid genotypes of a single locus (Bi). Each cell in the matrix 
represents the probability of genotype transitions (from column to row) caused by either mutation (μ) or recombination (r) (see Table 
6).  
 

 B1B1B1 B1B1B2 B1B1B3 B1B2B2 B1B2B3 B1B3B3 B2B2B2 B2B2B3 B2B3B3 B3B3B3 

B1B1B1 1-μ r/6 r/6 0 0 0 0 0 0 0 

B1B1B2 μ/2 1-(r/3)-μ μ/3 r/6 r/12 0 0 0 0 0 

B1B1B3 μ/2 μ/3 1-(r/3)-μ 0 r/12 r/6 0 0 0 0 

B1B2B2 0 r/6 0 1-(r/3)-μ r/12 0 μ/2 μ/3 0 0 

B1B2B3 0 2μ/3 2μ/3 2μ/3 1-(r/2) 2μ/3 0 2μ/3 2μ/3 0 

B1B3B3 0 0 r/6 0 r/12 1-(r/3)-μ 0 0 μ/3 μ/2 

B2B2B2 0 0 0 r/6 0 0 1-μ r/6 0 0 

B2B2B3 0 0 0 μ/3 r/12 0 μ/2 1-(r/3)-μ r/6 0 

B2B3B3 0 0 0 0 r/12 μ/3 0 r/6 1-(r/3)-μ μ/2 

B3B3B3 0 0 0 0 0 r/6 0 0 r/6 1-μ 
 



 
 

107 
 

 

 
 
 
Figure 13. Equilibrium frequencies of triploid genotypes in obligately apomictic 
Taraxacum lineages, as determined for a stage-structured model of subsexual 
reproduction (Table 7). The relative probabilities of recombination (r) and mutation (μ) 
are shown as a ratio (r / μ) on the x-axis, and plotted lines indicate the sums of genotypic 
frequencies for each level of zygosity.  
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Figure 14. Number of generations to depart from initial distributions (a) and to reach 
equilibrium distributions (b) in obligately apomictic Taraxacum lineages, as determined 
for a stage-structured model of subsexual reproduction (Table 7). Independent 
probabilities of recombination (r) and mutation (μ) were used as rates of change per 
generation to make iterative projections of the transition matrix (at precision of 10-3).
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Chapter 5: General Conclusion 

 

A study was undertaken to investigate how variation in species 

interactions, population genetic structure, epidemiological parameters, and plant 

breeding system may influence the ecology and biological control of an apomictic 

invasive plant, Chondrilla juncea (Asteraceae). A common garden experiment 

yielded evidence of additivity (independence) in plant responses to dual 

inoculations of the rust pathogen P. chondrillina and the gall mite E. chondrillae 

on multiple clonal accessions of C. juncea. The presence of additive plant 

responses supports the hypothesis that the combination of P. chondrillina and E. 

chondrillae provides more effective biological control of C. juncea than would be 

accomplished by either natural enemy separately. Similarly, there was no evidence 

from field populations in southwest Oregon to support interactions between the 

gall mite and the rust pathogen in their effects on C. juncea performance or species 

associations. 

Although non-additive effects of multiple natural enemy species were not 

found for plant performance traits, an indirect interaction was detected because 

rust inoculation reduced the total dry biomass of mite galls due to decreased 

growth of rust-diseased shoots. This allometric relationship demonstrates the 

presence of plant-mediated indirect competition (Denno and Kaplan, 2007; Kaplan 

and Denno, 2007) between the rust pathogen and gall mite of C. juncea. Rust 

disease may have the potential to diminish mite gall epidemiology in the field 

because mite populations are known to increase rapidly during gall development 
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(Caresche and Wapshere, 1974). Negative associations were detected in the field 

between midge galling and the damage caused by both of the other natural 

enemies, which may indicate species interaction via rust and/or mite interference 

with C. schmidti oviposition. However, this potential antagonism was found only 

at high stand density with relatively high levels of damage caused by each natural 

enemy, and so the overall success of biological control probably is not strongly 

diminished by enemy interference.  

The equilibrium model of inheritance in Taraxacum-type apomixis 

supports predictions of genotypic diversity in triploid apomictic lineages when 

rates of crossing-over and mutation are not highly imbalanced. Therefore 

subsexual reproduction remains mathematically plausible as a contributing factor 

to quantitative variation in disease resistance and ecological traits of invasive C. 

juncea that has been observed in this study and others (Hull and Groves, 1973; 

Sobhian and Andres, 1978; Emge et al., 1981; Hasan et al., 1995; Campanella et 

al., 2009). More detailed molecular analyses are needed to estimate the rates of 

meiotic recombination in invasive populations of C. juncea, but it is possible those 

rates may be much lower than in T. officinale (van Baarlen et al., 2000; van der 

Hulst et al, 2003). The model presented here also could be expanded to include 

facultative modes of reproduction controlled by apomixis genes at multiple loci, 

and transitions between levels of polyploidization (Meirmans et al., 2003; van 

Dijk, 2003; Verduijn et al., 2004; Ozias-Akins and van Dijk, 2007). 

Previous workers have found allozyme markers to be invariant within 

North American C. juncea biotypes (Hasan et al., 1995), but several studies of C. 
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juncea indicate that an assumption of genetic uniformity is not realistic for 

ecologically important traits (Hull and Groves, 1973; Sobhian and Andres, 1978; 

Emge et al., 1981; Hasan et al., 1995; Campanella et al., 2009). Genetic variation 

appears to be hierarchically structured in invasive C. juncea populations because 

major weed biotypes probably have originated from separate colonization events 

of apomictic microspecies, while quantitative or ecotypic variation has evolved 

within biotypes during the expansion and naturalization stages of invasion (Hull 

and Groves, 1973). Subsexual reproduction and other processes of recombination 

may contribute genetic variation within apomictic C. juncea biotypes (van Dijk 

2003). Such a hierarchical genetic structuring of populations may effectively 

increase the potential for adaptive responses to biological control (Burdon et al., 

1981) if strong genotype-environment interactions are present (e.g., Burdon et al., 

1984; Campanella et al. 2009). In general, when plant resistance appears to 

influence multiple natural enemies (e.g., Campanella et al. 2009), researchers 

should evaluate the potential for adaptive resistance before the introduction of 

additional genotype-specific biological control agents (Garcia-Rossi et al., 2003; 

Müller-Schärer and Steinger, 2004; Thrall and Burdon, 2004; Maron and Vilà, 

2008). 
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Appendix A. Laws of Mendelian inheritance are applied to derive the expected 
genotype frequencies of offspring in Taraxacum-type apomixis following gene 
conversion. The outcome of recombination is shown for a triploid locus (Bi) with 
three alleles (B1, B2, and B3) and either binary (a) or ternary (b) heterozygosity. 
The frequency of each possible recombination event (arrows) is a function of the 
probability of gene conversion (rg) at prophase I, which results in recombined 
chromosomes at restitution (sister chromatids are shown in brackets). Random 
alignment of sister chromatids at the metaphase II plate (dashed lines) then leads to 
segregation into daughter cells. The expected frequencies of offspring genotypes 
are the same if recombination occurs by crossing-over (Table 6). 
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Appendix A. (continued) 
 

(a) binary  
heterozygous  

parent: B1B1B2 
 

   

probability of  
recombination due to 
gene conversion (rg) 

 

restitution random alignment  expected frequencies of  
offspring following  

gene conversion 
 

rg / 3 
(B1 → B1) 

[B1B1] [B1B1] [B2B2] B1B1B2 
---------- 
B1B1B2 

 

2/3   B1B1B2 
1/6   B1B1B1 
1/6   B1B2B2 

rg / 3 
(B1 → B2) 

[B1B1] [B1B2] [B2B2] B1B1B2 
---------- 
B1B2B2 

 

 

rg / 3 
(B2 → B1) 

 

[B1B1] [B1B1] [B1B2] B1B1B1 
---------- 
B1B1B2 

 

 

(b) ternary  
heterozygous  

parent: B1B2B3 
 

   

probability of  
recombination due to 
gene conversion (rg) 

 

restitution random alignment expected frequencies of  
offspring following  

gene conversion 
 

rg / 6 
(B1 → B2) 

[B1B2] [B2B2] [B3B3] B1B2B3 
---------- 
B2B2B3 

 

1/2   B1B2B3 
1/12   B1B1B2 
1/12   B1B1B3 
1/12   B1B2B2 

rg / 6 
(B1 → B3) 

[B1B3] [B2B2] [B3B3] B1B2B3 
---------- 
B3B2B3 

 

1/12   B1B3B3 
1/12   B2B2B3 
1/12   B2B3B3 

rg / 6 
(B2 → B1) 

[B1B1] [B1B2] [B3B3] B1B1B3 
---------- 
B1B2B3 

 

 

rg / 6 
(B2 → B3) 

[B1B1] [B2B3] [B3B3] B1B2B3 
---------- 
B1B3B3 

 

 

rg / 6 
(B3 → B1) 

[B1B1] [B2B2] [B1B3] B1B2B1 
---------- 
B1B2B3 

 

 

rg / 6 
(B3 → B2) 

[B1B1] [B2B2] [B2B3] B1B2B2 
---------- 
B1B2B3 
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