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Non-target effects are one of the greatest potential risks of weed biological control 

programs, and understanding non-target effects of biological control at the population level 

is crucial for predicting when they will occur and altering the perception of biological 

control as a whole. In this thesis, we assessed the ecological risk of Tyria jacobaeae L. 

(Lepidoptera: Erebidae), the cinnabar moth, to Senecio triangularis Hook. (Asteraceae) in 

Western Oregon using a standard risk model that defines risk as the product of the hazard 

and the exposure to the risk (risk = hazard × exposure). Experimental manipulation of the 

timing of herbivory by cinnabar moth larvae revealed S. triangularis was sensitive to a 

match in phenology in year t between late instar larvae and S. triangularis capitula (flower 

heads) in the primordium, bud, and flower developmental stages. However, S. triangularis 

survival, growth, and reproduction in year t+1 were relatively insensitive to different 

timings and intensities of herbivory by cinnabar moth larvae in year t. A decade of 

observational regional data of populations of S. triangularis in Western Oregon showed a 

balance between cinnabar moth colonization and extinction and that the intensity of 



cinnabar herbivory appears to be stable. Across all colonized sites and years sampled, about 

half of all sampled ramets (individuals of a clone, or genet) were attacked by cinnabar moth 

larvae and damage was generally moderate (if attacked, conditional mean = 49%, 

conditional median = 40% leaf area removed per ramet). Lastly, a six-year demographic 

study showed a fluctuating herbivore regime where marked S. triangularis genets 

experienced up to four years of herbivory greater than or equal to 75% leaf area removed. 

Together, this relatively low hazard of herbivory and a widespread but moderate exposure 

to herbivory support conclusions that T. jacobaeae poses a low to moderate risk to S. 

triangularis with the potential for this risk to change with changes in phenology and/or 

climate.  
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Non-target Effects of Biological Control: Ecological Risk of Tyria jacobaeae 
(Lepidoptera: Erebidae) to Senecio triangularis (Asteraceae) in Western Oregon 

 

Chapter 1: General introduction 

Non-target effects are a major risk in implementing any biological control project and are 

key in communicating a complete story of both the successes and failures of biological 

control. Currently, there exists a gap in knowledge in characterizing non-target effects of 

biological control agents at different organizational scales including the population level. 

This project aims to address this gap by investigating the cinnabar moth (Tyria jacobaeae 

L. (Lepidoptera: Erebidae)) - tansy ragwort (Jacobaea vulgaris Gaertn. (Asteraceae)) 

system and the effects of cinnabar moth larval feeding on non-target Senecio triangularis 

Hook. (Asteraceae) population dynamics. 

The overarching objective of this study was to build on this well-studied system by 

performing a retrospective risk assessment of the interaction between the introduced 

biological control agent, the cinnabar moth, and native, non-target plant S. triangularis in 

Western Oregon. Using a standard risk model that defines risk as the product of the hazard 

and the exposure to the risk (risk = hazard × exposure), the following questions were 

addressed to assess ecological risk: 

1) How sensitive is S. triangularis performance to various timings and intensities of 

herbivory by cinnabar moth larvae?  
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2) What is the exposure of S. triangularis to various intensities of herbivory by 

cinnabar moth larvae? 

3) What patterns are apparent in cinnabar moth larval herbivory on S. triangularis 

across time (years)?  

To address the first question (Chapter 2 of this thesis), we examined how the timing and 

intensity of cinnabar moth larval herbivory affects the survival, growth, and reproduction 

of S. triangularis in a two-year experimental study near Big Lake, Oregon. To address the 

second question (Chapter 3 of this thesis) we examined the presence, intensity, and patterns 

of cinnabar moth larval herbivory on S. triangularis using a large observational dataset of 

twenty sites in Western Oregon collected between the years 2001 and 2016. Lastly, to 

answer the third research question, we analyzed a demographic dataset from 2011 to 2016 

of marked S. triangularis genets (individual plant originating from a single seed) near 

Santiam Pass, Oregon to elucidate patterns of herbivory by the cinnabar moth (Chapter 4 

of this thesis).  
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Chapter 2: Sensitivity of Senecio triangularis (Asteraceae) to experimental manipulation 

of timing and intensity of Tyria jacobaeae (Lepidoptera: Erebidae) herbivory  

 
 

 

 

 

 

 

 

Madison G. Rodman, Peter B. McEvoy 
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Abstract 

Non-target effects are one of the greatest potential risks of weed biological control 

programs. To better understand, predict, and manage population level non-target effects of 

biological control agents, we present results from a two-year experiment in the Western 

Oregon Cascades. In this study we manipulated the timing and intensity of larval herbivory 

by the introduced biological control agent Tyria jacobaeae L. (Lepidoptera: Erebidae), 

hereafter the cinnabar moth, on native, non-target plant Senecio triangularis Hook. 

(Asteraceae). S. triangularis genets (individual plant originating from a single seed) were 

sensitive to a match in phenology between late instar larvae and S. triangularis capitula 

(flower heads) in the primordium, bud, and flower developmental stages. This match in 

phenology severely reduced the reproductive output of S. triangularis (~95% of possible 

achenes were consumed) while the asynchronous phenology resulted in the reproductive 

output being spared. We also found a statistically significant and negative relationship 

between increasing intensity of defoliation by cinnabar moth larvae in year t and S. 

triangularis growth in year t+1. For every 10% increase in percent leaf area removed in 

year t, genets in year t+1 were 2.81% (95% CI: 1.33 - 4.31%) smaller than they were in 

year t after accounting for timing of herbivory in year t. In contrast, S. triangularis survival 

and reproduction in year t+1 were relatively insensitive to different timings and intensities 

of herbivory by cinnabar moth larvae in year t. Overall, this research provides evidence to 

support the tolerance of S. triangularis to the unintended herbivory by the biological 

control agent the cinnabar moth, but raises questions relating to population dynamics of S. 

triangularis in future climate scenarios.  

 



 
5 

 

Introduction 

Biological control 

Invasive species have the potential to be both economic and ecological hazards. Within the 

United States alone, invasive plants pose an annual multi-billion-dollar threat to the 

economy and can cause damaging impacts to natural communities and ecosystems 

(Pimentel et al. 2005, Vilà et al. 2011). To protect native ecosystems and the economy, 

invasive plant species are often controlled through physical removal, application of 

herbicides, or use of biological control.  

Biological control, also referred to as biocontrol, involves the purposeful introduction of 

one species to control a target species. In classical weed biocontrol, an invasive weed is 

targeted through the selection, testing, and release of a natural enemy (usually an 

arthropod) of the target weed from its historical or native range. These natural enemies, or 

biocontrol agents, are selected for many characteristics, and the success of a biocontrol 

agent in one respect is determined by its host specificity - the ability of the agent to 

selectively attack the target weed, leaving non-targets unscathed. Biocontrol is an effective 

and important weed management technique in many systems and a failure in others 

(McEvoy et al. 1991, Clewley et al. 2012, Suckling and Sforza 2014). Yet, biocontrol 

should not be simply described in successes or failures. Instead, each biocontrol agent 

needs to be evaluated on many dimensions both before and after release to paint a complete 

picture of its impacts, and part of building this complete picture, is the accurate accounting 

of both the risks and benefits of a biocontrol agent.  
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One of the most important risks that needs to be characterized is the potential or observed 

adverse effect of the introduced biocontrol agent on organisms other than what they were 

released to control, otherwise known as non-target effects. Non-target effects are the 

unintended impacts from the release of a biocontrol agent and they can be manifested in 

both direct and indirect ways. Direct non-target effects of biocontrol are when agents 

impact non-target species by altering non-target population dynamics. The most severe 

direct non-target impacts in weed biocontrol include the negative impact of Rhinocyllus 

conicus on Circsium canescens and other native thistles and the impact Cactoblactis 

cactorum has on native Opuntia species (Louda et al. 1997, Louda and Potvin 1995, 

Johnson and Stiling 1998). In addition to altering population dynamics, non-target effects 

may also be manifested in indirect ways where the biocontrol agent alters interactions 

within and between trophic levels through impacts to food-webs, competition, or 

mutualistic relationships (Fowler et al. 2012). Although most reported non-target effects 

of weed biocontrol are minimal (Suckling and Sforza 2014), significant impacts have been 

seen and characterizing and communicating the risk that control organisms pose to non-

targets is still important to the field (Simberloff 2012). 

Assessing risk 

Currently, federal and state regulations exist to describe and estimate the hazards a 

biocontrol agent may pose to non-targets prior to an agent’s approval and release. The 

results of these required host specificity tests are critical in determining the release of a 

particular agent. Throughout the history of biocontrol, tests have increasingly become more 

stringent moving from pre-release tests on species of economic importance to include 

ecologically important species, and pre-release testing now is expanding to consider the 
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role of potential evolution of the agent and hosts traits such as plant chemistry (Wapshere 

1974, Briese 1996, McEvoy 1996, Myers 2001, Sheppard et al. 2005, Wheeler and 

Schaffner 2013). However, many biocontrol agents were released prior to the increased 

stringency in biocontrol regulation, and once an agent is released, there is only incomplete 

or anecdotal evidence of the risk an agent may pose to non-targets (Louda et al. 2003). 

Because of this anecdotal evidence, there exists a gap in knowledge in thoroughly 

understanding, predicting, and managing non-target impacts of biocontrol agents.   

Retrospective risk assessments of biocontrol agents that have already been released are 

helping to fill this knowledge gap. One common way to define and assess risk is through 

the use of a risk model. Risk models are used in many fields and define risk as the product 

of the hazard and the exposure to the risk (risk = hazard × exposure) (Davis 1996). In 

practice, using a risk model in the field of biocontrol involves estimating the hazard of the 

agent, “the ability to cause harm” and the exposure, the “potential harm” or the extent of 

the geographic, temporal, and climatic exposure the non-target has to the hazard (Delfosse 

2003). Together, hazard identification and exposure analyses are used to build a risk 

characterization of the impact of a particular biological control agent on non-target species 

(Delfosse 2005).  

Cinnabar moth-tansy ragwort system 

This research aims to further understand the risk of non-target effects by investigating the 

system of plant-insect interactions involving the cinnabar moth- (Tyria jacobaeae L. 

(Lepidoptera: Erebidae)), the target weed tansy ragwort (Jacobaea vulgaris Gaertn. 

(Asteraceae)), and potential non-target species. The cinnabar moth is a brightly colored, 
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day-flying, univoltine moth with eight life stages from egg to pupa, including five larval 

instars (Dempster 1982). Adult moths are non-feeding and emerge from pupae in spring 

and early summer (Rose 1978). After mating and over the course of five to eleven days, 

female moths lay eggs in batches on the dorsal side of their chosen host plant’s lower leaves 

(Dempster 1982, Rose 1978). Eggs hatch into first instar larvae in approximately five to 

twenty-one days and larvae progress through the remain instars, first gregariously feeding 

on the egg mass leaf and then migrating upward to feed on both foliage and floral parts 

(Rose 1978).  After approximately four to seven weeks, larvae complete development and 

pupate amongst the ground litter and debris and overwinter as pupae (Rose 1978).  

The cinnabar moth was first introduced as a biocontrol agent in the United States in 

California from France in 1959 to control the invasive weed tansy ragwort (Frick and 

Holloway 1964). After this initial introduction, the cinnabar moth was then redistributed 

to Oregon in 1960 and subsequently distributed across Oregon’s Willamette Valley 

throughout the 1960s and 1970s (Isaacson 1973, Oregon Department of Agriculture 

personal communication). Forest harvesting by the timber industry left clear-cut areas 

colonized by tansy ragwort, and the cinnabar moth was then redistributed from the 

Willamette Valley into these clear-cuts in the Coast and Cascade Ranges of Oregon during 

the 1980s and 1990s (Oregon Department of Agriculture personal communication) (Figure 

2.1). Since this massive cinnabar moth redistribution effort and with the introduction and 

establishment of the ragwort flea beetle (Longitarsus jacobaeae), populations of tansy 

ragwort have been in decline in Oregon (McEvoy et al. 1991). However, during this time, 

in the Coast and Cascade Ranges the cinnabar moth was undergoing a host shift from the 

target, old world host plant, tansy ragwort, to a novel, native North American host plant 
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Senecio triangularis Hook. (Asteraceae), a widespread montane perennial found in moist 

locations in middle elevation environments (Diehl and McEvoy 1989, Hitchcock and 

Cronquist 1973). 

 
 

Figure 2.1 The massive Tyria jacobaeae distribution effort by the Oregon Department of 
Agriculture (gray dots) along with Oregon State University Herbarium records of Senecio 
triangularis (black dots) in Western Oregon, USA. 

 

Feeding and development of cinnabar moth larvae on non-target S. triangularis was first 

reported in the Oregon Coast Range in 1989 (Diehl and McEvoy 1989). Since then, a 

systematic evaluation of the distribution of the cinnabar moth on S. triangularis and other 

potential non-targets in Senecio and Packera (Asteraceae) has been conducted in Western 

Oregon, along with studies focused on the suitability of these non-targets as hosts in 
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Oregon and Montana (Fuller 2002, Karaçetin 2007, Markin and Littlefield 2007). Most 

recently, the rapidly evolved adaptation of cinnabar moth larval development to high-

elevation abiotic environments where non-target hosts are found has also been reported 

(McEvoy et al. 2012). Together, these studies help to describe where cinnabar moths feed 

on S. triangularis and Packera non-targets, the nutritional and biotic limitations of a life 

on non-target plants, and how the moth is adapting to the abiotic environment where non-

target plants occur. What remains to be fully characterized however is how the cinnabar 

moth, specifically the feeding juvenile or larval stages, impact S. triangularis survival, 

growth, and reproduction. 

Research questions 

This chapter aims to determine one part of a risk model, the hazard, by estimating the 

sensitivity of S. triangularis to a range of defoliation levels and two timings of herbivory 

by cinnabar moth larvae in a two-year manipulative experiment near Santiam Pass, Oregon.  

Initial work on the sensitivity of S. triangularis to feeding by the cinnabar moth larvae was 

conducted on Marys Peak Oregon in 1986 and 1987 where the impact of feeding (0, 50, 

100% leaf area removed) by cinnabar moth larvae on the survival and seed output of sixty 

individual ramets was described (Diehl and McEvoy 1989). This initial study concluded 

that heavy cinnabar moth defoliation may reduce seed viability in S. triangularis (Diehl 

and McEvoy 1989). Further research in this system has included an observational study on 

the relationship between percent leaf area removed by cinnabar moth larvae and the 

survival, growth, and reproduction of thirty marked genets near First Creek, Oregon in 

2009 and 2010 (Higgs and McEvoy, unpublished data). Through our study we expand on 
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the work of Diehl, McEvoy, and Higgs by employing a randomized experiment that 

includes a large number of genets and experimentally manipulates both the timing and 

intensity of cinnabar moth herbivory.  

The manipulation of phenology or the timing of the interaction between cinnabar moth 

larvae and S. triangularis was particularly novel for this study system. In Western Oregon, 

cinnabar moth larvae usually have an asynchronous phenology with non-target S. 

triangularis flowering and consume the largest amount of S. triangularis foliage late in the 

growing season after plants have dispersed their seeds. When feeding on the target weed 

tansy ragwort, larvae usually have a synchronous phenology with plant flowering and 

consume foliage and flowers early in the plant life cycle, before and during flowering 

(Dempster 1982). While cinnabar moth larval feeding on S. triangularis before and during 

flowering is infrequently seen across Western Oregon, our study specifically manipulated 

species interactions to describe demographic impacts for both synchronous and 

asynchronous flowering and feeding phenologies. Overall, understanding phenology is 

crucial in ecology (Forrest and Miller-Rushing 2010) and in particular, plant-herbivore 

interactions (van Asch and Visser 2007 and Elzinga et al 2007). Our manipulation of 

phenology match or mismatch with the cinnabar moth and S. triangularis allowed us to 

characterize the impacts of each set of timings while also anticipating possible shifts in 

phenologies due to our changing climate (Yang and Rudolf 2010).  

Our research addresses the following questions relating to how herbivory by cinnabar moth 

larvae may impact the survival, growth, and reproduction, of S. triangularis. Specifically, 

we ask: how does variation in the timing and intensity of defoliation by cinnabar moth 
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larvae affect S. triangularis: a) seed production (quantity and quality) during the year of 

defoliation (year t), and its b) survival, c) growth, and d) reproductive effort from one year 

to the next (year t to t+1)? 

We hypothesize that S. triangularis reproductive output in year t (seed quality and quantity) 

would be most sensitive to the early timing of defoliation by cinnabar moth larvae and that 

intensity of herbivory would be associated with reduced reproductive output. Furthermore, 

we hypothesize that high levels of defoliation in year t would be associated with increased 

mortality, reduced growth, and reduced reproductive output in year t+1.  

Methods 

Study site 

During the summers of 2015 and 2016 we conducted a field experiment in Linn County 

Oregon near Big Lake Youth Camp in the Willamette National Forest (44.37352°, -

121.86136°). We selected the experimental location through a 2014 survey of known S. 

triangularis populations that were accessible, of moderate size, and were not located within 

protected wilderness areas. The Big Lake site sits at 1425 m and contains a large population 

of native S. triangularis in a lowland draw with a large volume of course woody debris and 

a canopy dominated by Tsuga mertensiana and Pinus contorta. There is no known history 

of cinnabar moth presence at the site.  

Experimental design 

Genet selection and randomization 

In the spring of 2015 we flagged and identified all S. triangularis genets (approximately 

five hundred genets) within a 10 x 30 m lowland area (where plants were most 
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concentrated). After flagging, we mapped and collared a 40% random selection of genets 

(two hundred genets). We collared genets at the soil line for future identification using 

91.44 cm, 50-pound strength nylon Tach-It zip ties, numbered round aluminum tags, and 

15.24 x 3.81 cm 11-gauge steel Anchor landscaping staples. Care was taken to collar all 

ramets within the genet, and when individual genets could not be delineated, the next 

random genet in the subsample was selected. If genets were in a particularly difficult study 

location (completely under logs; under dead, dangerous, leaning trees; or near a large 

amount of vertebrate feces), we chose the next random genet in the subsample. We 

assigned all genets in the experiment starting 15 m west from the main gravel camp road 

to minimize road dust transferred to plants and to maintain the pristine nature of the camp 

entrance as outlined in our agreement with Big Lake Youth Camp. During the collaring 

process, we noted the reproductive state of the entire genet (vegetative or reproductive) 

and recorded number of ramets per genet. Of the approximately two hundred genets that 

we mapped and collared, forty genets were entirely vegetative and only contained ramets 

lacking capitula. We excluded these vegetative genets from the experimental design 

because the focus of the experiment was to understand the impact of cinnabar moth larval 

herbivory on the fate of seeds in 2015, and the survival, growth, and reproductive output 

in 2016. Also we excluded these genets because we presume attack probability on 

vegetative S. triangularis genets is low. We removed two additional genets from the design 

as they contained an extremely large number of ramets, which would not allow their size 

class to be balanced across the treatment combinations, and we replaced these extra-large 

genets with two new randomly selected reproductive S. triangularis genets. 
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We then randomly assorted the resulting 160 marked genets into two defoliation timing 

groups, early and late defoliation, to mimic synchronous and asynchronous plant-herbivore 

phenologies. Randomization was stratified by number of ramets per genet so each timing 

group had a balanced distribution of S. triangularis genet size classes as determined by 

number of ramets in the genet. We then further randomly distributed genets in each of the 

timing groups into one of five herbivory groups (0%, 25%, 50%, 75%, 100% leaf area 

removed). Again this second randomization was stratified by S. triangularis size class so 

each herbivory group had a balanced distribution of small and large genets. Through this 

randomization protocol, we divided the 160 genets so each combination of timing and 

herbivory contained sixteen experimental units (in summary, two levels of timing × five 

levels of herbivory × sixteen genets per timing and herbivory combination = 160 

experimental units).  

Experimental timeline 

We conducted the early timing treatment from June 17 - June 26, 2015 (163-215 degree 

days C with a minimum threshold of 8.6 °C). We designed the early treatment to mimic an 

infrequently seen synchronous phenology between late instar insect and flowering S. 

triangularis. This phenology allowed cinnabar moth larvae to feed on S. triangularis while 

capitula were developing and mimicked the matched synchrony in phenology between 

cinnabar moth larvae and the target weed tansy ragwort. We began the early timing 

treatment just before peak flowering, which was estimated by classifying S. triangularis 

capitula by developmental stage (Cox 1981 and see Appendix A). Each capitulum was 

classified into one of six developmental stages with each capitulum in the primordium stage 

given a value of 1, in the bud stage a value of 2, in the flower stage a value of 3, in the fruit 
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stage a value of 4, and in the dispersed stage a value of 5. The mean of these values for one 

genet was used as the index of developmental stage. Dead primordia, when they occurred, 

were not counted within the index. When genets scored ≤ 3 on a mean index of 

developmental stage they were ready for larval introduction for the early timing of 

herbivory treatment.  

We conducted the late timing treatment from July 11 - July 18, 2015 (365 to 403 degree 

days C with a minimum threshold of 8.6 °C). We designed the late treatment to mimic the 

frequently observed asynchronous phenology between cinnabar moth larvae and S. 

triangularis in the field whereby larvae feed on S. triangularis foliage when capitula are in 

presumed invulnerable stages of fruit development and dispersal. This presumption was 

based on the inability of cinnabar moth larvae to feed on capitula of J. vulgaris in the fruit 

and dispersal stages. To mimic the native phenology, we began the late timing treatment 

when naturalized mountain fourth and fifth instar cinnabar moth larvae were available and 

when experimental genets scored > 3 on a mean index of capitula developmental stage. 

Caging and larvae introduction 

When genets were within two days of the beginning the assigned defoliation treatment we 

measured each genet by recording data on the number of ramets per genet, each ramet’s 

length, basal diameter, and capitula number, along with any additional information of note. 

Once genets had reached the correct developmental stage we randomly assigned a starting 

time for the herbivory treatment as all genets could not be started within the same day. To 

prevent larval migration and maintain independence of experimental units during the 

defoliation treatment, we caged each genet. Each cage consisted of three 1.22 m x 1.11 cm 
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bamboo stakes (Grower’s Nursery Supply Inc.) placed around the base of the genet and a 

121.92 cm x 66.04 cm cylindrical green polyester mesh cage (mesh fabric catalog #7250B 

from BioQuip, approximately 24 x 20/inch, hole size approximately 1 mm) over the 

bamboo stakes. Depending on herbivory level to be imposed and size of genet we 

introduced a variable amount of fourth and fifth instar cinnabar moth larvae to the foliage 

of the genet within the cage (initial numbers ranged from zero to twenty larvae). After 

introduction of larvae, we secured each cage with long rectangular fabric sandbags at the 

base of the mesh to prevent escape of insects. We caged genets in the 0% herbivory group 

in a similar fashion except we did not introduce larvae or place a sandbag at their base.  

After larvae were introduced, we checked each genet daily to discern whether the imposed 

herbivory level had been reached. If larvae appeared to be slowing their feeding, nearing 

pupation, or disinterested in feeding, we added additional larvae into the cage. Once genets 

neared the prescribed percent leaf area removed as determined through visual estimates, 

we removed larvae from the genet and surrounding soil and dismantled the cage. We then 

collected data on defoliation and defloration for the whole genet, and then for each ramet 

within the genet. Due the practicality of manipulating caterpillar feeding levels, the target 

percentages of leaf area removed became approximations to the actual percent leaf area 

removed assigned in the experimental design and thus, our controlled larvae releases 

generated continuous levels of intensity of herbivory from 0-100% leaf area removed per 

genet. Each day that cages were removed from genets in 25-100% herbivory groups, we 

also removed at least one cage from a randomly selected genet in the 0% herbivory group. 

This way, the cages of the 0% herbivory group were in place for the same length of time 

as the other herbivory groups. Each day, during the early timing treatment we also hand-
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pollinated caged genets because they were isolated from insect pollinators while flowers 

were blooming.  

We collected larvae used to impose herbivory treatments from three locations out of 

convenience to find the correct larval stage at the time needed for the two timing treatments. 

Larvae used in the early defoliation timing group were collected from tansy ragwort at 

Basket Slough National Wildlife Refuge (44.959082°, -123.278522°) and from tansy 

ragwort in a roadside ditch near Rickreall, Oregon (44.929533°, -123.245196°) on June 16 

and June 22, 2015, respectively. Larvae used in the late defoliation group were collected 

from S. triangularis near Lost Creek in the Mount Jefferson Wilderness, Oregon 

(44.452056°, -121.870101°) on July 11, 2015. At each time point, we collected a mix of 

approximately six hundred fourth and fifth instar larvae and stored them in vented 15 x 15 

x 10 cm polypropylene rectangular storage containers filled with S. triangularis foliage 

and flowers until introduction to the experimental cages. 

Achene collection and laboratory methods 

We bagged all inflorescences to capture the reproductive output of each experimental 

genet. Between July 2 and July 6, 2015 when capitula were in the fruiting stage prior to 

dispersal, we placed each inflorescence in an individually numbered white mesh organza 

bag. Many genets in the early defoliation group suffered complete damage to their capitula 

or decapitation, and so we bagged only genets with intact capitula or capitula that appeared 

to contain viable achenes (dry, indehiscent one-seeded fruits). We bagged all genets in the 

late group prior to larvae introduction. Organza bags were left on all genets until all the 
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achenes were mature and dispersing, collected on July 31, 2015, and stored indoors at room 

temperature with access to airflow until sorting. 

Between October and December 2015 we sorted the inflorescences by removing the pappus 

from achenes and arranged the achenes into the following categories: filled, unfilled, and 

predated by seed herbivores other than the cinnabar moth. To determine if an achene was 

filled we squeezed each achene gently with forceps. Filled achenes contained a firm and 

plump embryo, while unfilled achenes compressed completely when pressure was applied 

(Baskin and Baskin 1998). We identified predated achenes by locating achenes containing 

a small round hole or those missing large portions of the embryo or seed coat. 

After sorting, and prior to cold stratification, we surfaced sterilized filled achenes by 

subjecting them to a 5-minute soak in a 10% bleach solution, followed by two rinses with 

sterile deionized water. We then evenly distributed sterilized achenes across a 10 cm plastic 

Petri plate containing one moistened Whatman #1 filter paper treated with a 100 ppm 

solution of Thiram fungicide. On December 15, 2015 we sealed the plates with parafilm, 

placed them in stacks in 16-quart polypropylene tubs, and moved tubs to a 5°C dark storage 

for twelve weeks. We determined this duration of stratification to be most suitable for 

maximum germination in a prior pilot study comparing S. triangularis germination after 

varying lengths (0, 3, 4, …, and 12 weeks) of stratification at 5°C. 

On March 9, 2016 after twelve weeks of cold stratification, we removed tubs from cold 

storage, inspected plates for mold, and prepared plates to be placed in a growth chamber. 

Due to space limitations in the growth chamber, we transferred achenes from 10 cm plastic 

Petri plates onto 5 cm plastic Petri plates containing one moistened Whtatman #1 filter 
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paper treated with a 100 ppm solution of Thiram fungicide. Then on March 11, 2016 we 

sealed the 5 cm plates with parafilm and placed them in a random configuration on trays 

under growth lights in a 22°C growth chamber with a 12:12 hour light:dark cycle. We 

checked plates periodically throughout each week for moisture levels and once weekly for 

germination. Germination was determined if a minimum of 1 mm radicle emergence or 

greater was observed from the achene. We removed plates from the growth chamber on 

June 10, 2016 after fourteen weeks of incubation due to reduced germination rates and high 

levels of mold growth on the remaining achenes. 

To establish if un-germinated achenes were viable, but dormant, or simply unviable, we 

performed a tetrazolium test, which is a chemical test for seeds for the presence of 

respiration enzyme activity (AOSA 2000). We sliced achenes laterally as indicated in the 

TZ handbook for Asteraceae and then soaked achenes in a 1% TZ solution for 72-84 hours 

in a 30°C growth chamber (AOSA 2000). After this time period, if a S. triangularis embryo 

was thoroughly stained dark pink or red the embryo was deemed to be dormant and still 

viable. If an embryo remained white or was inconsistently stained, it was deemed unviable. 

2016 Data Collection 

On July 13, 2016 (236 degree days C with a minimum threshold of 8.6 °C) we relocated 

experimental genets at the Big Lake field site and gathered data on genet survival, size, 

stage, and reproductive parameters. Of the 160 experimental genets, only two could not be 

recovered due to a recent tree fall at the site.  
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Statistical analyses 

We completed all data preparation, analyses of statistical models, and comparisons with R 

version 3.3.2 -- "Sincere Pumpkin Patch" (R Core Team 2016).  

Fate of seeds in 2015 

We utilized a Tukey HSD test and general linear models to investigate the fate of seeds in 

year t of this study. The Tukey HSD (honest significant difference) test was used to 

determine if the mean number of achenes per capitulum differed between the early and late 

timing groups and between groups of genets that had larvae introduced to them and those 

that did not. Then, two general linear models were built to test for the effect of timing and 

percent leaf area removed on both the fraction of filled achenes per achenes produced and 

the fraction of germinable achenes per filled achenes. We evaluated the influence of 

explanatory variables in each of these models with extra sum of squares F-tests. We 

removed experimental units that experienced a large volume of fungal growth from 

germination analyses.  

2016 Parameters 

To evaluate responses in year t+1 of the study we modeled experimental treatments using 

both general linear models and binomial generalized linear models. 

To test the effect of timing and percent leaf area removed in year t (2015) on the probability 

of genet survival to year t+1 (2016) we used a binomial generalized linear regression with 

a logit link, and we tested the influence of explanatory parameters with a drop in deviance 

test.  
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We used a general linear model to test the effects of timing and percent leaf area removed 

in year t on genet growth. In this model we defined growth as the change (Sizet+1/Sizet) of 

the sum of the lengths of all ramets in the genet. We evaluated the influence of timing and 

percent leaf area removed in year t on growth with extra sum of squares F-tests. 

Lastly, we used a binomial generalized linear regression with a logit link model to test the 

effect of treatments in year t on the demographic transition from reproductive to vegetative 

genets. Of genets that remained reproductive, we used a general linear model to evaluate 

the effect of timing and percent leaf area removed in year t on reproductive output in year 

t+1, measured as the log change in number of capitula per genet (Nt+1/Nt). We tested the 

influence of parameters in these models with a drop in deviance test and extra sum of 

squares F-tests, respectively. 

Results 

Model parameterization 

Overall, we fit six models to the data to predict the fate of S. triangularis seeds and 

demographic parameters as a function of the timing and intensity of herbivory by cinnabar 

moth larvae at Big Lake in Western Oregon in 2015. There were no gross violations of 

model assumptions. The final model parameterizations and estimates of the model 

parameters are presented in Table 2.1. 
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Table 2.1 Statistical model parameterizations and estimates for the risk of Tyria jacobaeae 
herbivory to Senecio triangularis at Big Lake in Western Oregon between 2015 and 2016. 
 

Response Model parameterization† N Estimate Std. Error P-value 

Filled 
achenes 

(filled achenes/achenes produced) = β0 + 
β1LAR  

80 β0 
β1 

0.1331 
4.75 e-5 

0.0189 
3.21 e-4 

< 0.0001 
0.883 

**** 
 

Germinated 
achenes 

(germinated achenes/filled produced) = β2 
+ β3LAR  25 β2 

β3 

0.8568 
-0.0011 

0.0592 
0.0010 

< 0.0001 
0.279 

**** 
 

Survival logit (ps) = β4 + β5Late + β6LAR 158 
β4 
β5 
β6 

4.3253 
0.2623 
-0.0230 

1.0774 
0.7898 
0.0134 

< 0.0001 
0.739 
0.060 

**** 
 

* 

Growth (Sizet+1/Sizet) = β7 + β8Late + β9LAR  150 
β7 
β8 
β9 

0.7258 
0.0013 
-0.0028 

0.0511 
0.0513 
0.0008 

< 0.0001 
0.980 

0.0003 

**** 
 

*** 

Genet stage 
transitions logit (pr) = β10 + β11Late + β12LAR 151 

β10 
β11 
β12 

-0.1715 
0.0597 
-0.0091 

0.3330 
0.3421 
0.0051 

0.607 
0.861 
0.069 

 
 

* 

Reproduction ln(Nt+1/Nt) = β13 + β14Late + β15LAR  53 
β13 
β14 
β15 

-0.8401 
0.2247 
-0.0069 

0.2392 
0.2658 
0.0039 

0.0009 
0.402 
0.079 

*** 
 

* 
† Variables: LAR = continuous variable for % leaf area removed of genet in year t; ps = probability of genet 
survival to year t+1; Late = indicator variable for timing treatment where 0 = early treatment, 1 = late 
treatment, size = genet size, sum of ramet lengths of a genet; pr = probability of reproductive genet remaining 
reproductive (> 0 capitula) in year t+1. 

 

Fate of seeds 

Larval feeding strongly reduced achene production in the early timing group. The mean 

number of achenes produced per capitulum was statistically significant and fewer for 

genets that had larvae introduced compared to ones that did not in the early timing group 

(Tukey HSD, p-value < 0.0001) (Table 2.2, Figure 2.2). On average, genets in the early 

timing group receiving larvae produced 33.98 (95% CI: 29.73 - 38.24) fewer achenes per 

capitulum than genets in the early timing group not receiving larvae. In contrast, mean 
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number of achenes produced per capitulum did not differ in genets without larvae in the 

early and late timing groups, and genets with and without larvae in the late timing group 

(Tukey HSD, p-value = 0. 99, 0.97 respectively) (Figure 2.2, Table 2.2).  

Due to the nearly complete consumption of achenes in the early timing group, analyses of 

seed fate were only conducted for seeds in the late timing group. Although seed analyses 

were conducted only on genets in the late timing group, data points from the early timing 

group are included in the following figures. 

Of achenes that were produced, we estimated the mean level of filled achenes for genets 

experiencing no herbivory was low at 13.31% (95% CI: 9.55% - 17.06%). We saw no 

detectable effect of herbivory (percent leaf area removed) by cinnabar moth larvae on the 

fraction of filled achenes out of all achenes produced per S. triangularis genet (extra sum 

of squares F-test, p-value = 0.88) (Figure 2.3 panel A).  

Germination percentage of filled achenes from genets that did not experience herbivory 

was high; the mean germination level from these genets was 85.68% (95% CI: 73.42% - 

97.93%). Herbivory by cinnabar moth larvae had no detectable effect on the fraction of 

filled achenes that germinated (extra sum of square F-test, p-value = 0.27) (Figure 2.3 panel 

B). 
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Table 2.2 Summary data on how timing of Tyria jacobaeae herbivory strongly impacted 
the number of achenes produced per capitulum of Senecio triangularis genets at Big Lake 
in Western Oregon in 2015. 
 

Timing 
Group 

Larvae 
Introduction N Mean SD 

Early Larvae 64 1.85 4.58 
Early No larvae 16 35.84 5.46 
Late Larvae 64 36.77 6.58 
Late No larvae 16 36.03 7.57 

 

 

 
 
Figure 2.2 Timing of Tyria jacobaeae herbivory strongly impacted the number of achenes 
produced per capitulum in Senecio triangularis genets at Big Lake in Western Oregon in 
2015. Letters indicate which groups are significantly different at the α = 0.05 level.  
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Only three genets produced achenes that presented dormancy and of these genets, the 

fraction dormant was small. Because of this low level of observed dormancy, we did not 

perform statistical tests on these data (Figure 2.3 panel C). 

In summary, the number of S. triangularis achenes produced was dramatically reduced in 

genets in the early timing group with larvae introduced; the proportion of filled achenes 

produced was low overall; germination percentage for filled achenes was high overall; 

dormancy was low overall; and intensity of herbivory had no detectable effect on the 

fraction filled or germinable. In short, the early timing of defoliation reduced seed quantity, 

while late timing of defoliation had no detectable effects on seed quantity or quality.    

2016 Parameters 

Survival 

Of the 158 out of 160 genets recovered in 2016, seven were judged to be dead (4.4% 

mortality) after we thoroughly checked the collared area for signs of living ramets. The 

timing of herbivory in year t by cinnabar moth larvae had no detectable effect of on the 

probability of a genet surviving to year t+1 after accounting for the intensity of herbivory 

in year t (percent leaf area removed) (χ2 with df = 1, p-value = 0.74), but the intensity of 

herbivory in year t had an equivocal negative effect on the probability of a genet surviving 

to year t+1 after accounting for timing of herbivory in year t (χ2 with df = 1, p-value = 0.06) 

(Figure 2.4).  
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Figure 2.3 Senecio triangularis seed quality was not influenced by increasing intensity of 
T. jacobaeae herbivory at Big Lake in Western Oregon in 2015. The filled points represent 
genets in the early timing group and empty points and dashed lines represent genets in the 
late timing group. Shaded regions indicate 95% confidence bands of the regression line. 
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Figure 2.4 Senecio triangularis survival to 2016 was not influenced by the timing of Tyria 
jacobaeae herbivory and only weakly influenced by increasing intensity of T. jacobaeae 
herbivory in 2015 at Big Lake in Western Oregon. The filled points represent genets in the 
early phenology group and empty points in the late phenology group. Shaded regions 
indicate 95% confidence bands of the regression lines. 

 

Growth 

In 2016 genets were, as a whole, smaller than they were in 2015, and genets that did not 

have herbivore damage in 2015 were on average 72.58% (95% CI: 62.49% - 82.68%) of 

their size in 2015. Timing of herbivory in year t had no detectable effect on the change in 

genet size after accounting for intensity of herbivory in year t (extra sum of square F-test, 

p-value = 0.98). However, there was a statistically significant negative effect of increasing 

intensity of herbivory in year t on the change in genet size after accounting for timing of 

herbivory in year t (extra sum of square F-test, p-value = 0.0003). For every 10% increase 

in percent leaf area removed in year t, genets in year t+1 were 2.81% (95% CI: 1.33 - 

4.31%) smaller than they were in year t after accounting for timing of herbivory in year t 

(Figure 2.5). 
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Figure 2.5 Senecio triangularis growth in 2016 was significantly reduced with increasing 
intensity of Tyria jacobaeae herbivory in 2015 at Big Lake in Western Oregon. The filled 
points and solid lines represent genets in the early timing group and empty points and 
dashed lines the late timing group. Shaded regions indicate 95% confidence bands of the 
regression lines, and the gray dashed line at 1.0 indicates no change. 

 
Reproduction 

In addition to decreasing in size, ninety-six of the 151 (64%) living genets regressed from 

the reproductive adult stage in 2015 to vegetative adult stage in 2016. There was no 

detectable effect of timing of cinnabar moth larval herbivory in year t on the probability of 

a reproductive adult genet becoming vegetative in year t+1 after accounting for the 

intensity of herbivory in year t (χ2 with df = 1, p-value = 0.86). However, increasing 

intensity of herbivory in year t may have had a suggestive negative effect on the probability 

of a reproductive adult genet becoming vegetative in year t+1 after accounting for timing 

of herbivory in year t (χ2 with df = 1, p-value = 0.07) (Figure 2.6). For each 10% increase 

in percent leaf area removed, we saw an 8.71% decrease (95% CI: 0.72% increase to 17.5% 

decrease) in the odds of a genet remaining reproductive after accounting for timing. 
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Figure 2.6 Senecio triangularis demographic transitions from 2015 to 2016 were not 
strongly influenced by the timing or intensity of Tyria jacobaeae herbivory in 2015 at Big 
Lake in Western Oregon. The filled points represent genets in the early phenology group 
and empty points in the late phenology group. Shaded regions indicate 95% confidence 
bands of the regression lines. Reproductive probability = the probability of a reproductive 
adult S. triangularis genet remaining reproductive in year t+1 after accounting for timing 
of herbivory in year t. 

Examining the fifty-five reproductive adult genets in 2016, we saw that, on average, genets 

in 2016 that did not have herbivore damage in 2015 produced 56.83% fewer (95% CI: 

30.24 - 73.29% fewer) capitula than they did in 2015. Timing of herbivory in year t had no 

detectable effect on the change in number of capitula per reproductive adult genet after 

accounting for intensity of herbivory in year t (extra sum of square F-test, p-value = 0.40). 

But, increasing intensity of herbivory in year t may have had a suggestive negative effect 

on the change in number of capitula per reproductive adult genet after accounting for the 

effect of timing of herbivory in year t (extra sum of square F-test, p-value = 0.08). For 

every 10% increase in percent leaf area removed in year t, genets in year t+1 produced 

6.71% fewer (95% CI: 0.83% more to 13.69% fewer) capitula than they did in year t after 

accounting for the timing of herbivory in year t (Figure 2.7).  
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Figure 2.7 Senecio triangularis reproduction in 2016 was not influenced by timing of Tyria 
jacobaeae herbivory and only weakly influenced by increasing intensity of T. jacobaeae 
herbivory at Big Lake in Western Oregon in 2015. The filled points and solid line represent 
ln number of capitula for genets in the early timing group and empty points and dashed line 
the late phenology group. Shaded regions indicate 95% confidence bands of the regression 
lines, and the gray dashed line at 0.0 indicates no change. 

 
In summary, there was no detectable effect of the timing of herbivory in year t on the 

survival, growth, stage transitions, and reproduction of S. triangularis evaluated in year 

t+1. In contrast, there may be suggestive negative effects of increasing intensity of 

herbivory in year t on the survival, stage transitions, and reproduction in year t+1. Lastly, 

we saw a strong, statistically significant, negative effect of increasing intensity of herbivory 

in year t on the growth of genets from year t to year t+1.  
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Discussion 

Fate of seeds 

Direct effects 

An important result of this study was that within the early timing group, larvae selectively 

consumed the capitula and then the foliage of S. triangularis. This finding is not entirely 

surprising due to the behavior of cinnabar moth larvae on their target host plant tansy 

ragwort and observations of cinnabar moth larvae on S. triangularis in the field. It is well 

documented that depending on instar (larval stage), cinnabar moth larvae consume both the 

capitula and foliage of tansy ragwort (Dempster 1982), and observational data shows that 

cinnabar moth larvae attack S. triangularis capitula as well. (see Chapter 3 of this thesis). 

Capitula attack occurs infrequently in the case of S. triangularis, and we believe it is only 

when late stage larvae have access to developing capitula. We hypothesize this infrequent 

match in phenology presumably occurs in locations where increased moisture and/or shade 

prolongs S. triangularis bloom into late summer when cinnabar moth larvae are more 

developed. Because this synchronous phenology is rare in the field, our experimental early 

timing group represented a somewhat hypothetical advanced phenology where there was a 

complete and synchronous match between a large number of fourth and fifth instar cinnabar 

moth larvae and S. triangularis primordia, buds, and flowers. Overall, in our study the rare 

phenologically synchronous early match resulted in almost complete reproductive 

destruction (~95% of possible achenes were consumed) while the common asynchronous 

phenology resulted in the reproductive output being spared (Table 2.2 and Figure 2.2). 

Pre-dispersal seed predation resulting from synchrony in cinnabar moth larval development 

and S. triangularis capitula development could lead to negative population level effects for 
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S. triangularis. However, the ability of insect herbivores to regulate plant fitness and 

population dynamics is not without controversy (Crawley 1983, 1989). The successes of 

biological control provide one set of examples where insect herbivores have affected plant 

populations, but not all herbivores are created equal (Crawley 1989, Maron and Vilà 2001). 

Insects classified as seed predators usually have larger effects on plants compared to those 

that consume foliage (Maron and Vilà 2001, Maron and Crone 2006). Returning to our 

system and the potential non-target effects of the cinnabar moth on S. triangularis, this 

distinction in feeding type and its impact adds importance to the phenology of the 

interaction. Yet, just like insect guilds, not all plant life histories are equal, and the 

perennial, iteroparous nature of S. triangularis may also temper the risk of this interaction. 

Because S. triangularis can reproduce many times throughout its lifespan, reproduce 

vegetatively through the production of ramets, and persist through many seasons it may be 

less sensitive to seed predation than plants that hare short-lived and depend on regeneration 

from seed (Louda and Potvin 1995). 

This result on the importance of phenological synchrony between S. triangularis and 

cinnabar moth larvae, however compelling, does have limitations and caveats. In our study, 

the capitula in the late timing group were protected from herbivore damage with 

inflorescence bags. However, we believe cinnabar moth larvae are not able or do not prefer 

to consume late-stage capitula. Late-stage capitula in the fruit and dispersing stages are 

tough, dry, and full of pappus, which we believe are not palatable to cinnabar moth larvae. 

Further research is needed in this system to completely unravel the population level impacts 

of phenological synchrony between S. triangularis capitula development and cinnabar 

moth larvae. In particular, we currently lack information on which capitula stages of S. 
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triangularis are preferred by cinnabar moth larvae and the possible cinnabar moth 

performance benefits resulting from consuming capitula. Correspondingly, even if 

cinnabar moth larvae reduce the number of achenes produced we do not know if it will 

result in S. triangularis population level impacts. The large reduction of reproductive 

output may or may not have detrimental effects on population dynamics depending on seed 

or safe-site limitations on recruitment of S. triangularis (Andersen 1989, Myers and Risley 

2000). In addition, additional research is needed to understand the future threat of cinnabar 

moth larvae on S. triangularis in light of documented rapid evolution of accelerated 

phenology (McEvoy et al. 2012). In our study, fourth and fifth instar cinnabar moth larvae 

were introduced to blooming S. triangularis at 163-215 degree days C with a minimum 

threshold of 8.6 °C. In the Oregon Cascades, on average, we currently do not observe a 

large proportion of these cinnabar moth larval stages until approximately 300 degree days 

C (McEvoy et al. 2012). The question remains: What is the potential for cinnabar moths to 

advance or S. triangularis to delay their timings approximately 100 degree days to produce 

this deleterious phenological synchrony? 

Indirect effects 

In contrast to the direct effects of achene consumption in the early timing group, indirect 

effects of cinnabar moth herbivory on the fate of seeds through reduced provisioning of 

achenes are weak. For achenes in the late timing group, those spared from consumption by 

larvae, we found no statistically significant (at the α = 0.05 level) effect of increasing 

intensity of herbivory on the fraction of filled or germinable achenes produced. Through 

the detailed analyses of surviving achenes, we found that of the achenes produced by S. 

triangularis at Big Lake in Western Oregon in 2015 a large percent was unfilled (on 
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average 52%) or predated by an unidentified seed herbivore (on average 35%). We 

presume unfilled achenes are either unfertilized, contain underdeveloped embryos, or 

aborted embryos. Additional seed morphological analyses and tests are necessary to 

determine the ultimate cause of unfilled achenes be it incompatibility, pollen or pollinator 

limitation, or some other resource requirement. Although a high percentage of achenes 

produced were unfilled or unviable due to predation, the achenes that were filled had a high 

germination rate and did not appear to have a high level of dormancy.  

Year t+1 parameters 

Survival 

Of the 158 genets that were recovered in this experiment, seven (4.4%) suffered mortality 

between 2015 and 2016. This level of mortality was somewhat unexpected for S. 

triangularis, a long-lived perennial plant. Our analyses revealed only a suggestive negative 

effect of increasing intensity of herbivory on the survival of genets, and thus the ultimate 

cause of death for this small percentage of individuals could not be completely attributed 

either to the experimental treatments received or biotic or abiotic factors external to the 

experiment. However, we have reason to believe that the unique weather of 2015 during 

the duration of the experiment may have influenced the survival of genets (see Scope of 

results). 

Growth 

As a whole, genets were much smaller during the second year of our study. We reported a 

significant negative correlation between increasing intensity of herbivory in year t and the 

size of genet in year t+1. The operational measure of genet size in this study was taken as 
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the sum of all the ramet lengths in a genet. Using this measure, S. triangularis genets were 

together approximately 60% smaller in 2016 than in 2015, and our statistical tests support 

our original hypothesis that increasing intensity of herbivory in year t by cinnabar moth 

larvae would have a negative effect on genet size in year t+1.  However, it is important to 

acknowledge that the statistically significant negative impact of herbivory on S. 

triangularis growth pales in comparison to the large reduction in plant size in year t+1 of 

our study. 

We could have used a variety of operational measures of plant size in our study (see 

Appendix B for full description). For example, instead of the sum of ramet length, average 

ramet length or number of ramets per genet could have been used to describe size. To 

demonstrate the robust nature of our conclusions, the results of the statistical tests and 

conclusions remain consistent (at the α = 0.05 level) if average ramet length was instead 

chosen as the operational measure of genet size. Because the reduction of genet size was 

seen not in the number of ramets per genet, but instead, a reduction in the length of each 

ramet, the results of tests do not hold if the number of ramets per genet was used (see 

Appendix B and Figure A.1 for additional information on genet size in year t and year t+1).  

Reproduction 

In addition to being smaller, S. triangularis genets also had greatly reduced reproductive 

output in 2016. A majority (64%) of the genets in our experiment reverted from 

reproductive adult to vegetative adult stage in year t+1 and this state change was not 

strongly correlated with the any of the treatments imposed in year t. Genets that remained 

reproductive in year t+1 produced approximately 57% of the capitula they did in year t, 
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and we saw no detectable effect of the timing of the herbivory in year t on the reproductive 

output in year t+1, and only a suggestive negative effect of increasing intensity of cinnabar 

moth larval herbivory in year t of the change in reproductive output. Again, it is important 

to acknowledge that the suggestive negative impact of herbivory on S. triangularis 

reproduction is minimal when compared to the large reversion to vegetative adults and 

reduction in adult S. triangularis reproduction in year t+1 of our study. 

Unpacking these results, we must first acknowledge that ramets within genets are important 

in genet stage transitions and reproductive output. The reproductive probability and output 

of a genet is related to the size of individual ramets within each genet (see Appendix B, 

Figures A.2 and A.3 for additional information on relationship between ramet length and 

reproduction in year t and year t+1). On average, ramets decreased in length between 2015 

and 2016, which pushed many ramets below the threshold size required for reproduction 

in S. triangularis, ultimately changing the demographic stage for 64% of the genets. Genets 

that remained in the reproductive adult stage also contained smaller ramets, which 

subsequently caused a reduction in the number of capitula produced. As we only have 

marginal support for the correlation of the reduction of reproductive output of genets and 

increasing intensity of herbivory, the ultimate cause of the stage change and reproductive 

output could not be completely attributed either to the treatment received or other biotic or 

abiotic factors external to the experiment. However, since almost all genets, regardless of 

treatment, produced fewer capitula in year t+1 we have reason to believe abiotic factors 

may be stronger than the effect of herbivory of by cinnabar moth larvae (see Scope of 

results). Although we have no information on recruitment of juvenile plants from seed for 

this species, this staggering reduction in reproductive output in year t+1 along with the 
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direct effect of consumption of achenes in year t, leads us to hypothesize that S. triangularis 

recruitment at Big Lake may be severely negatively impacted. 

Scope of results 

First Creek study 

The scope of inference of this work is limited to S. triangularis genets at Big Lake Youth 

Camp in 2015 and 2016. However, we can expand the scope of this experiment across time 

and space through similarities in conclusions from an observational study conducted by 

our lab group in earlier years (2009-2010) at a nearby site (approximately 10.75 km NNE 

from the Big Lake experimental site (see Appendix C Figures A.4 and A.5)). This 

observational study showed a similar statistically significant negative correlation between 

increasing intensity of herbivory in year t and genet growth (Sizet+1/Sizet). In addition, in 

this prior study, increasing intensity of herbivory in year t also did not significantly impact 

the number of capitula produced per genet (Nt+1/Nt). Interestingly, genets in this nearby 

study from 2009-2010 did not show the regression from reproductive adult to vegetative 

adult or the general reduction of genet size from one year to the next that we saw in this 

study. This result leads us to believe that abiotic factors may be contributing to mortality, 

the decline in size, and the state change of S. triangularis genets at Big Lake between 2015-

2016.  

2015 Weather  

The year 2015 was rather unique in Western Oregon. Winter produced the lowest level of 

snowpack in thirty-five years (since records began) and snowmelt occurred one to three 

months early across the Oregon Cascades (USDA NRCS Oregon Basin Outlook Report 
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June 1, 2015). This lack of snowpack was coupled with record high temperature during the 

summer months, with many cities in Oregon setting heat records. Cities in the Willamette 

Valley including Portland, Eugene, and Salem, Oregon all broke heat records for the 

warmest year on record (NOAA State of the Climate Overview 2015). Both June and July 

in the Oregon Cascades were classified as severe or extreme drought conditions on the 

Palmer Z Drought Index, which was attributed to the lack of snowpack and low reservoir 

levels during the 2014-2015 season (NOAA State of the Climate: Drought 2015). 

Accounting for this abnormal weather year, we believe the observed mortality, size 

reduction, and state regression in development may be due to the record hot and dry 

conditions of 2015. Although 2016 was a much more average weather year, S. triangularis 

genets may have been constrained in their growth and reproduction by limited resources 

available in the prior growing season.  

Future climate 

Because the first year of our experiment was conducted during the one of the hottest and 

driest years in the Oregon Cascades, our study at Big Lake provides a unique opportunity 

to observe what organismal interactions may be like under future climate scenarios. Under 

current greenhouse gas emission rates, the Pacific Northwest in general, is projected to 

increase in year-round temperature by 1.1°C, 1.8°C, 3.0°C, by 2020s, 2040s, and 2080s 

respectively, with the greatest warming occurring in the summer (Mote and Salanthé 2010). 

This warming is projected to be coupled with a modest increase in precipitation by 1-2% 

with the major precipitation changes seen through winter precipitation that was once falling 

as snow now falling as rain (Mote and Salanthé 2010, Barnett et al. 2005). The Oregon 

Cascades and the Santiam Region in particular, where this study took place, are projected 
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to follow the general Pacific Northwest trends and experience an increase in 2°C, an 

advance of twelve days in peak snowpack levels, and a shift from winter precipitation 

falling as snow to rain (Sproles et al. 2013).  

Since we have both observational data from average weather years and experimental data 

from record breaking weather years that support the same results we are able to make broad 

conclusions on the tolerance of S. triangularis to herbivory by cinnabar moth larvae. 

Additionally, we hypothesize, from the observed mortality, large reduction in size, and 

large reduction in reproduction seen only during the extreme weather years that S. 

triangularis may experience greater mortality and stress imposed by high summer heat and 

low snowpack as the Pacific Northwest climate shifts. In particular, we hypothesize that in 

the future S. triangularis located in ephemeral streams and marshy areas fed by seasonal 

snow melt may lack crucial access to water late in the season to store enough reserves for 

the following year. Year after year of extreme heat coupled with lack of summer water may 

prove to be more detrimental to the species long-term survival than feeding by the cinnabar 

moth.  

Fluctuating herbivory 

This work manipulated one season of herbivory by cinnabar moth larvae on S. triangularis, 

but because S. triangularis is a perennial iteroparous plant we must also consider the effects 

of more than one year of isolated or pulse of herbivory (Bender et al. 1984). The cinnabar 

moth has the ability to feed on S. triangularis year after year and fluctuating levels of 

herbivory or different durations of herbivore attack may have very different outcomes than 

what was presented here. In order to better understand the breath of this interaction 
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Chapters 3 and 4 of this thesis consider variation over wider spatial and temporal scales. 

Chapter 4 specifically aims to describe patterns and effects of herbivory on S. triangularis 

over a six- year time series instead of simply two. 

Conclusions 

This two-year manipulative experiment coupled with the observational results from First 

Creek provides evidence for the tolerance of S. triangularis to a range of timing and 

intensities of herbivory by cinnabar moth larvae. We demonstrated the main hazards of this 

non-target interaction are: the match in phenology between late instar larvae and 

developing capitula resulting in a nearly complete destruction of reproductive output and 

the negative impact of increasing intensity of herbivory on growth of genets in the year 

following herbivory. Yet, the magnitude of the impact of increasing intensity of herbivory 

on growth, although statistically significant, is small. The comparison of our experiment 

and observational studies leads us to believe external factors have larger influences on S. 

triangularis growth than cinnabar moth herbivory. 

Although this experiment takes a detailed focus on one population of S. triangularis in 

Western Oregon, we need more information to completely understand the sensitivity of 

this species to herbivory by larvae of the cinnabar moth. Particularly, we lack data on the 

why we saw low levels of filled seeds in our experiment along with data on the recruitment 

of seedlings from seed in S. triangularis. These data along with detailed information on 

life history transitions will ultimately help to determine the influence of the cinnabar moth 

on vital rates of S. triangularis. Lastly, as climate shifts in the Oregon Cascades, the role 

of heat and moisture to S. triangularis population dynamics remains to be fully understood.  
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Abstract 

Non-target effects of biological control are rarely limited to one geographical location or 

one moment in time, and a variety of spatial and temporal scales must be considered to 

provide better estimates of non-target effects at the population level. Here we present 

results from a retrospective risk analysis of the introduced biological control agent Tyria 

jacobaeae L. (Lepidoptera: Erebidae), hereafter the cinnabar moth, on native, non-target 

plant Senecio triangularis Hook. (Asteraceae) encompassing a sixteen-year window (2001-

2016) of twenty sites in Western Oregon. Ten years of cinnabar moth occupancy data on 

S. triangularis show that, in general, sites that were colonized as of 2001 remain colonized 

in 2016, and the loss of cinnabar moths at one site was balanced with one site where a new 

colonization had occurred. From detailed cinnabar moth larval attack data from 2003, 2004, 

2015, and 2016 we report that frequency and intensity of cinnabar moth larval attack at 

colonized sites varied and ranged from 4-100% (percent of ramets attacked) and 3-100% 

(median percent leaf area removed), respectively. However, we saw no detectable change 

in the mean frequency or intensity of cinnabar moth larval attack over time across Western 

Oregon over both annual (t+1) and approximately decadal (t+12) time intervals. Overall, 

in areas where S. triangularis is colonized by the cinnabar moth, approximately 51.3% of 

ramets experienced some level of defoliation, and the mean intensity was 49.2% (median 

40.0%) leaf area removed. Together, these results support conclusions that cinnabar moth 

populations are frequently sustained on S. triangularis without presence of target host 

Jacobaea vulgaris Gaertn. (Asteraceae) and attack of S. triangularis was persistent and at 

a moderate level across space and time in Western Oregon between the early 2000s and 

mid-2010s.   
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Introduction  

Biological control can effectively manage invasive weeds, but is not without risk (Clewley 

et al. 2012, Simberloff 2012). One of the most important risks of biological control 

(biocontrol) of weeds is the potential for an agent to impact plant species other than what 

they were released to control, or non-target effects. And, although most reported non-target 

effects are small and do not significantly impact plant populations (Suckling and Sforza 

2014), characterizing the risk a biocontrol agent poses to non-targets is key to predicting 

when non-target effects will occur in the future and altering the perception of biocontrol as 

a whole. Risk can be formally assessed using a risk model that defines risk as the product 

of the hazard and the exposure to the risk (risk = hazard × exposure) (Davis 1996). In 

practice, using a risk model in the field of biocontrol involves estimating the hazard of the 

agent, “the ability to cause harm” and the exposure, the “potential harm” or the extent of 

the geographic, temporal, and climatic exposure the non-target has to the hazard (Delfosse 

2003). Because species interactions are dynamic, exposure is better characterized by a 

moving window across space and time rather than a single snapshot (Suter 2007). 

A long-term study of multiple sites can identify where, when, and to what extent non-target 

species are exposed to a range of biocontrol hazards and can inform both future predictions 

of non-target effects and management and policy decisions. In contrast to short-term 

observations of non-target effects, long-term studies are able to answer unique questions 

such as: do biocontrol agents consistently pose a threat to populations of non-target species 

or do they vary in space and time; is the pattern of attack steady, increasing, or decreasing 

over time; is consumer attack related to the abundance of resources; what is the influence 

of competitors and natural enemies of herbivores on herbivore attack rates; and lastly, is 
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the agent sustained on the non-target, in the absence of the target over time? Documenting 

these patterns of herbivory by biocontrol agents can help to identify what factors may 

mitigate risk of agents to non-targets.   

This research aims to assess the geographic extent and temporal patterns of herbivory by 

the biocontrol agent Tyria jacobaeae L. (Lepidoptera: Erebidae), hereafter the cinnabar 

moth, on a non-target, native western montane perennial herb Senecio triangularis Hook. 

(Asteraceae) across twenty sites and sixteen years in Western Oregon. The cinnabar moth 

was originally introduced to the United States as a biological control agent for the target 

weed tansy ragwort (Jacobaea vulgaris Gaertn. (Asteraceae)) (Frick and Holloway 1964). 

In 1960 the cinnabar moth was introduced to Oregon and throughout the following three 

decades was distributed first across Oregon’s Willamette Valley and then into the Coast 

and Cascade Ranges (Isaacson 1973, Oregon Department of Agriculture personal 

communication). Effective biocontrol by the cinnabar moth and ragwort flea beetle 

(Longitarsus jacobaeae) led to a decline in tansy ragwort, and anthropogenic redistribution 

into the Coast and Cascade Ranges ceased in the 1990s (McEvoy et al. 1991). Due to the 

declining tansy ragwort populations in these mountain ranges, the cinnabar moth remained 

isolated on a novel North American host plant S. triangularis, a widespread montane 

perennial found in moist locations in middle elevation environments (Diehl and McEvoy 

1989, Hitchcock and Cronquist 1973). 

Chapter 2 of this thesis examined how sensitive S. triangularis performance was to a range 

of timings and intensities of herbivory by cinnabar moth larvae and this chapter aims to 

answer where, when, and how these timings and intensities are seen and/or are changing 
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in a variety of field settings across Western Oregon. Together with the sensitivity analysis 

(Chapter 2 of this thesis)- this exposure study, approximately three decades after cinnabar 

moth release, completes the risk assessment equation to better estimate the ecological risk 

of the cinnabar moth to S. triangularis.  

Research questions 

In this study, we address the exposure of S. triangularis to cinnabar moth larval herbivory 

through analyses of a sixteen-year window of an observational, regional dataset of S. 

triangularis populations in Western Oregon.  

Initial work on the exposure of S. triangularis to feeding by cinnabar moth larvae was 

conducted by Fuller (2002) who in 2001 completed a systematic evaluation of the 

distribution of the cinnabar moth on S. triangularis and other potential non-target hosts in 

Senecio and Packera in Western Oregon. Our study begins where Fuller’s study ends and 

revisits many of his sampled of S. triangularis sites along with new sites in the 

development of our dataset. The long-window of observation in our follow-up study is 

crucial not only to inform both future predictions of non-target effects and management 

and policy decisions but also because of the life history traits of S. triangularis. S. 

triangularis. Also, revisiting sites approximately a decade after initial study could help to 

understand the influence of changing climate on the interaction between attack by cinnabar 

moth larvae and S. triangularis. 

The specific objectives of this study were to: a) determine the history of occupation by 

cinnabar moth larvae on S. triangularis across twenty sites in Western Oregon from 2001-

2016; b) determine the frequency of attack and range in levels of defoliation and 
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defloration of S. triangularis by cinnabar moth larvae across sites in Western Oregon 

during detailed sampling in 2003, 2004, 2015, and 2016; c) determine if the frequency and 

intensity of cinnabar moth larval herbivory on S. triangularis is changing over both short-

term (annual) and long-term (decadal) time intervals; and lastly d) to determine how the 

density of agent consumer resources influences the frequency and intensity of cinnabar 

moth attack. 

Methods 

Site selection 

Locations for sampling the exposure of S. triangularis to cinnabar moth larval herbivory 

in Western Oregon were chosen from those sites selected and studied by Fuller (2002). The 

Fuller sites were originally selected by plotting overlapping anthropogenic release records 

of the cinnabar moth and potential geographic ranges of non-target plants in the genera 

Senecio and Packera from Oregon State University (OSU) Herbarium and Oregon Plant 

Atlas records. After factoring in the dispersal potential of cinnabar moths, Fuller generated 

a subset of locations within the overlapping non-target plant and cinnabar moth 

distributions with precise locality information. These locations along with others suggested 

by OSU Botany and Plant Pathology faculty and US Forest Service employees were 

compiled into a set of twenty-three (Fuller 2002). From the twenty-three sites sampled by 

Fuller, we chose to study a subset of fourteen sites that contained populations of our species 

of interest, S. triangularis. Although one additional site of Fuller’s, Harris Bog, contained 

S. triangularis, we excluded it from this study as it was the coastal S. triangularis var. 

angustifolius G.N. Jones as opposed to the more common, montane S. triangularis var. 

triangularis Hook. that occurred at the rest of the sites. To the fourteen Fuller sites, we 
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included an additional six sites known to our lab group that contained a possible interaction 

of the cinnabar moth and S. triangularis to make a total sample set of twenty sites in 

Western Oregon. For description and location of sites sampled see Figure 3.1 and Table 

3.1.  

 

Figure 3.1 Map of twenty Western Oregon locations surveyed for Senecio triangularis 
exposure to Tyria jacobaeae herbivory. Numbers correspond to numbers listed in Table 
3.1. Inserts contain magnification areas near Mount Hood and Santiam Pass. 

 
Sampling years 

We thoroughly sampled sixteen of the twenty regional sites in both 2003 and 2004 and 

nineteen of the twenty sites again in 2015 and 2016 (one site, Reynolds Ridge was not 

sampled in 2015 and 2016 as the S. triangularis population could not be recovered). All 

sampling occurred between late July and early September in order to capture a phenology 

window when most of the defoliation by cinnabar moth larvae would have occurred if 
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cinnabar moths were present, a few late developing larvae as positive confirmation of the 

insect’s presence, and before S. triangularis foliage began to senesce.  

Table 3.1 Site characteristics of locations surveyed for Senecio triangularis exposure to 
Tyria jacobaeae herbivory in Western Oregon. MAT = mean annual temperature, MAP = 
mean annual precipitation, DFR= distance from nearest release location. Climate variables 
were generated from 1981-2010 ClimateWNA normals (Wang et al. 2002), and release 
data was estimated from Oregon Department of Agriculture biological control release 
records. Level of accuracy of release locations and distance from release ± 0.8 km.   
 

 Site Name Mountain 
Range Region Latitude Longitude Elevation 

(m) 
MAT 
(°C) 

MAP 
(mm) 

DFR 
(km) 

1 CCB Cooper Creek Bog Cascade Hood 45.1652 -121.7687 1033 5.9 1545 0.55 

2 DL Dinger Lake Cascade Hood 45.14693 -121.842293 1214 6 1705 3.29 

3 HVB Hickeyville Bog Cascade Hood 45.16534 -121.640129 1026 6.2 1119 2.04 

4 JM Jackpot Meadows Cascade Hood 45.20056 -121.773033 1169 5.9 1655 2.96 

5 LCL Little Crater Lake Cascade Hood 45.1482 -121.750069 987 6 1434 2.17 

6 SRM Salmon River 
Meadows Cascade Hood 45.23147 -121.713768 1006 5.7 1687 6.58 

7 TL Timothy Lake Cascade Hood 45.14393 -121.769981 987 6 1492 0.67 

8 VL Veda Lake Cascade Hood 45.256 -121.784782 1295 5.8 1941 1.77 

9 FC First Creek Cascade Santiam 44.46566 -121.820251 1635 4.9 2185 22.25 

10 SL Square Lake Cascade Santiam 44.43842 -121.821503 1455 5.3 2105 22.53 

11 USL Upper Square Lake Cascade Santiam 44.44103 -121.824432 1475 5.2 2138 22.16 

12 WL Wasco Lake Cascade Santiam 44.50791 -121.812958 1569 4.9 2244 23.22 

13 ES Emile Shelter Cascade Umpqua 43.24061 -122.786903 1224 9.6 1670 5.01 

14 GR Grassy Ranch Cascade Umpqua 43.38464 -122.513512 1587 8.4 1545 1.85 

15 RR Reynolds Ridge Cascade Umpqua 43.3978 -122.521 1559 6.8 1678 0.27 

16 WF Willow Flats Cascade Umpqua 43.24841 -122.805527 1196 9.8 1703 4.56 

17 FMM Fanno Meadow 
Middle Coast C. Range 44.87318 -123.628807 862 8.8 3446 3.00 

18 FMN Fanno Meadow North Coast C. Range 44.87917 -123.631279 869 8.8 3395 2.40 

19 MPL Marys Peak Lower Coast C. Range 44.512662 -123.554878 1111 10.4 2492 3.98 

20 MPU Marys Peak Upper Coast C. Range 44.505975 -123.552757 1208 10.3 2575 3.21 
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We also assembled site data from years between 2001-2016 to establish colonization 

(presence/absence) data of cinnabar moth larvae on S. triangularis over a longer time-

series. Specifically, we assembled data from fourteen sites of twenty studied by Fuller in 

the summer of 2001, sixteen sites in 2003 and 2004, seven sites in 2008, five sites in 2009, 

two sites in 2010, seven sites in 2011, three sites in 2012, and nineteen sites in 2015 and 

2016. These sites were not sampled as described below, but instead, sampled with different 

techniques depending on year and research objectives. As such, they were not used in the 

detailed analyses, but were valuable in establishing cinnabar moth colonization history on 

S. triangularis at each site over the last sixteen years. 

Sampling protocol 

A haphazard sampling design was used to sample for cinnabar moth larvae presence, 

defoliation, defloration, and S. triangularis plant demographic information in 2003, 2004, 

2015, and 2016. At each site, we first walked the general area to locate the largest patch of 

S. triangularis, and when located, we delineated it into a rectangular sampling universe. 

We then sampled random locations inside the universe for the presence of the non-target 

S. triangularis, the target J. vulgaris, and other non-target plants in the genus Packera by 

pacing out steps to a random (X, Y) location. A variable number of rectangular quadrats 

(0.125 or 0.25 m2 depending on the site and year) were sampled at each site and each year 

to best capture potential cinnabar moth larvae presence and herbivory levels. Within a 

quadrat, we recorded data on S. triangularis presence/absence, size (number of ramets per 

genet, length of ramet, and basal diameter of ramet), stage (vegetative or reproductive, and 

if reproductive, reproductive output (number and stage of capitula (flower heads)), and 

damage by cinnabar moth larvae, vertebrates, and/or phytopathogens. Data were also 
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captured on the presence and intensity of cinnabar moth larval damage to J. vulgaris and 

other non-target plants when they occurred in the quadrat. We estimated damage through 

a visual estimation of percent leaf area removed by herbivores or percent leaf area damaged 

by pathogens. To maximize sampling efficiency of multi-stemmed S. triangularis, we 

sampled a 20% random sample of ramets or five ramets, whichever was greater, from each 

genet within a quadrat. Random numbers were selected through the use of a random 

number table or random number generator. 

At two sites: Little Crater Lake and at Marys Peak Lower Meadows, we delineated three 

rectangular sampling universes to capture distinct patches of S. triangularis. In the 

following summaries and analyses presented we combined data from the three universes at 

each site because the S. triangularis patches were in close proximity to each other and not 

isolated by natural barriers such as forests. The site Reynolds Ridge was visited but 

unsuccessfully sampled in 2015 and 2016 as the population of S. triangularis could not be 

relocated. 

Statistical analyses 

All data preparation, analyses of statistical models, and comparisons were done with R 

version 3.3.2 -- "Sincere Pumpkin Patch" (R Core Team 2016).  

We calculated the frequency of cinnabar moth larvae attack as the proportion of ramets 

sampled with > 0% cinnabar moth larval herbivory (percent leaf area removed) and 

intensity of cinnabar moth herbivory as the conditional (i.e. if ramet attacked) median 

defoliation level (percent leaf area removed) in attacked ramets for each year and site 

combination. To summarize floral damage across sites and years, we calculated a 



 
55 

 

frequency of reproductive attack as a percent of reproductive ramets with any noted 

cinnabar moth defloration such as a decapitation of the inflorescence or scalloping of the 

capitula (flower heads). 

For statistical analyses, we used paired t-tests to determine if there was a change in short 

term (year t to t+1) frequency and intensity of attack for sites in 2003-2004 and 2015-2016, 

respectively. To further understand whether cinnabar moth frequency or intensity of attack 

was changing on a longer time scale (year t to t+12) we also used a paired t-test to compare 

the average site values from fourteen sites sampled for two consecutive years in 2003-2004 

and again for two consecutive years in 2015-2016. We also used a general linear model to 

test the effects of site level non-target plant density and year on the frequency of attack and 

intensity of attack by cinnabar moth larvae. In these models we defined intensity of attack 

as the conditional (i.e. if ramet attacked) median percent leaf area removed for each site 

and year combination. We evaluated the influence of model parameters with extra sum of 

squares F-tests. 

Results 

Patterns of colonization on S. triangularis 

Patterns of colonization and extinction of cinnabar moth larvae at sites containing S. 

triangularis remained stable over time. Of the twenty sites visited between 2001 and 2016, 

six had no evidence of cinnabar moth larval herbivory on S. triangularis. These six sites 

were located in the Mount Hood (Dinger Lake, Hickeyville Bog, Veda Lake) and North 

Umpqua (Grassy Ranch, Reynolds Ridge, and Willow Flats) areas. Seven sites had 

persistent cinnabar moth larval herbivory on S. triangularis and they included: Little Crater 
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Lake, Timothy Lake, First Creak, Fanno Meadow Middle, Fanno Meadow North, Marys 

Peak Lower Meadow, and Marys Peak Upper Meadow. The remaining seven sites had a 

variable occupancy history where cinnabar moth larval damage was reported on S. 

triangularis during some, but not all, of the sampled years. Overall, when comparing the 

original fourteen sites visited by Fuller in the summer of 2001, seven sites had cinnabar 

moth larvae present on S. triangularis. When we revisited sites sixteen years later in the 

summer of 2016, of those original fourteen sites, again seven, had cinnabar moth larvae 

present on S. triangularis. For details on occupancy history see Table 3.2. 

Table 3.2 Tyria jacobaeae showed stable colonization patterns on Senecio triangularis at 
twenty sites in Western Oregon from 2001-2016. Columns indicate year in which T. 
jacobaeae attack was present or absent on Senecio triangularis at each site (1 = interaction 
present, 0 = interaction absent, - = no data available). The vertical zigzag lines indicate 
gaps in sampling years. 
 

Region Site Year 

2001 2003 2004 2008 2009 2010 2011 2012 2015 2016 

Mount 
Hood 

CCB 0 0 0 - - - - - 0 1 
DL 0 0 0 - - - - - 0 0 

HVB 0 0 0 - - - - - 0 0 
JM 1 0 0 - - - - - 0 1 

LCL 1 1 1 1 1 - 1 - 1 1 
SRM 0 1 0 - - - - - 0 0 
TL 1 1 1 1 - - - - 1 1 
VL 0 0 0 - - - - - 0 0 

Middle 
Santiam 

FC - - - - 1 1 1 - 1 1 
SL - 1 0 1 1 - 1 1 1 0 

USL - - - 1 1 - 1 1 0 0 
WL - - - - - - 1 1 0 1 

North 
Umpqua 

ES 1 0 0 - - - - - 0 0 
GR 0 0 0 - - - - - 0 0 
RR 0 0 0 - - - - - - - 
WF - 0 0 - - - - - 0 0 

Coast 
Range 

FMM - 1 1 - - 1 1 - 1 1 
FMN 1 1 1 1 1 - - - 1 1 
MPL - - - 1 - - - - 1 1 
MPU 1 1 1 1 - - 1 - 1 1 
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Frequency and intensity of attack on S. triangularis 

Frequency and intensity of cinnabar moth larval herbivory on S. triangularis varied by 

region and site and by year (Table 3.3). On average, we sampled approximately 34 ramets 

at each site during sampling in 2003, 2004, 2015, 2016. The frequency of attacked by 

cinnabar moth larvae at occupied sites ranged from 4-100% with an average attack 

frequency of 51.3% across all sites and ramets. The conditional mean damage (percent leaf 

area removed) by cinnabar moth larvae at an occupied site ranged from 3.0-99.8% with an 

average conditional mean damage of 49.2% leaf area removed, and the conditional median 

damage by cinnabar moth larvae at an occupied site ranged from 3.0-100% with an average 

conditional median damage of 40.0% leaf area removed (Table 3.3). 

Floral attack of S. triangularis was less frequently seen, and of the twelve sites with 

confirmed cinnabar moth occupancy, only seven ever had both foliar and capitula damage 

by cinnabar moth larvae. These sites included all sites sampled within the Coast Range: 

Fanno Meadow Middle, Fanno Meadow North, Marys Peak Lower, and Marys Peak 

Upper, and three sites in the Cascade Range: Little Crater Lake, Square Lake, and Timothy 

Lake. At these sites, the attack frequency of reproductive ramets ranged from 13.0-100% 

with an average frequency of capitula attack of 48.0% across all sites and years where 

capitula attack was recorded. Of sites and years with recorded cinnabar moth presence, 

only approximately 37% of site-year combinations had capitula attack of S. triangularis 

recorded, and Fanno Meadow North and Fanno Meadow Middle had the highest proportion 

of ramets with capitula damage (Table 3.4). 
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Table 3.3 Tyria jacobaeae showed consistent patterns of herbivory of Senecio triangularis 
at twenty sites in Western Oregon from 2003-2016. Columns indicate site, year sampled, 
number of ramets sampled, frequency of ramets attacked by T. jacobaeae larvae, 
conditional mean and median level of percent leaf area removed of attacked ramets, and 
standard deviation of the level of damage. Shaded cells indicate values > 0. 
 

 Year N Attack 
Freq. 

Mean 
Dam. 

Median 
Dam. SD   Year N Attack 

Freq. 
Mean 
Dam. 

Median 
Dam. SD 

C
CB

 

2003 29 0.00 0.00 0.00 0.00  

M
PL

 2015 53 0.34 88.89 100.00 22.98 

2004 23 0.00 0.00 0.00 0.00  2016 38 0.55 33.81 30.00 27.34 

2015 62 0.00 0.00 0.00 0.00  

M
PU

 

2003 15 0.53 35.63 35.00 11.16 

2016 50 0.04 3.00 3.00 2.83  2004 35 1.00 70.60 100.00 43.37 

D
L 

2003 23 0.00 0.00 0.00 0.00  2015 88 0.69 64.02 90.00 36.62 

2004 48 0.00 0.00 0.00 0.00  2016 60 0.97 68.62 80.00 29.27 

2015 52 0.00 0.00 0.00 0.00  

R
R 2003 20 0.00 0.00 0.00 0.00 

2016 59 0.00 0.00 0.00 0.00  2004 30 0.00 0.00 0.00 0.00 

ES
 

2003 18 0.00 0.00 0.00 0.00  

SL
 

2003 50 0.62 6.87 5.00 9.46 

2004 27 0.00 0.00 0.00 0.00  2004 23 0.00 0.00 0.00 0.00 

2015 45 0.00 0.00 0.00 0.00  2015 41 0.15 11.67 10.00 6.83 

2016 27 0.00 0.00 0.00 0.00  2016 53 0.00 0.00 0.00 0.00 

FC
 2015 48 0.79 60.26 50.00 27.73  

SR
M

 

2003 22 0.05 4.00 4.00 - 

2016 49 0.47 20.65 10.00 22.58  2004 17 0.00 0.00 0.00 0.00 

FM
M

 

2003 18 1.00 49.89 40.00 29.31  2015 22 0.00 0.00 0.00 0.00 

2004 23 1.00 99.78 100.00 1.04  2016 15 0.00 0.00 0.00 0.00 

2015 43 1.00 95.81 100.00 9.25  

TL
 

2003 18 0.83 26.67 20.00 19.70 

2016 37 0.92 21.91 17.50 18.01  2004 19 0.79 10.00 10.00 5.35 

FM
N

 

2003 15 1.00 59.33 70.00 27.70  2015 57 0.49 32.86 25.00 26.19 

2004 24 0.50 27.08 15.00 28.16  2016 35 0.66 20.48 15.00 15.82 

2015 21 1.00 79.05 100.00 33.26  

U
SL

 2015 18 0.00 0.00 0.00 0.00 

2016 52 0.81 27.02 20.00 20.95  2016 21 0.00 0.00 0.00 0.00 

G
R

 

2003 22 0.00 0.00 0.00 0.00  

V
L 

2003 41 0.00 0.00 0.00 0.00 

2004 31 0.00 0.00 0.00 0.00  2004 22 0.00 0.00 0.00 0.00 

2015 30 0.00 0.00 0.00 0.00  2015 32 0.00 0.00 0.00 0.00 

2016 38 0.00 0.00 0.00 0.00  2016 15 0.00 0.00 0.00 0.00 

H
V

B
 

2003 21 0.00 0.00 0.00 0.00  

W
F 

2003 29 0.00 0.00 0.00 0.00 

2004 25 0.00 0.00 0.00 0.00  2004 20 0.00 0.00 0.00 0.00 

2015 13 0.00 0.00 0.00 0.00  2015 67 0.00 0.00 0.00 0.00 

2016 16 0.00 0.00 0.00 0.00  2016 85 0.00 0.00 0.00 0.00 

JM
 

2003 16 0.00 0.00 0.00 0.00  

W
L 2015 18 0.00 0.00 0.00 0.00 

2004 21 0.00 0.00 0.00 0.00  2016 37 0.16 32.50 25.00 28.24 

2015 18 0.00 0.00 0.00 0.00         

2016 30 0.17 14.00 10.00 14.75         

LC
L 

2003 9 0.44 10.50 10.00 7.37         

2004 27 0.81 8.05 5.00 4.90         

2015 80 0.76 61.07 85.00 39.93         
2016 67 0.76 42.84 40.00 27.23         
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Table 3.4 Tyria jacobaeae rarely attacked capitula of Senecio triangularis in Western 
Oregon from 2003-2016. Columns indicate site, year sampled, number of reproductive 
ramets sampled at site, and frequency of reproductive ramets attacked by T. jacobaeae 
through decapitation or the scalloping of capitula. 
 

Site Year N 
Reproductive 

Reproductive 
Attack 

Frequency 

FMM 

2003 18 1.00 

2015 19 0.63 

2016 11 0.09 

FMN 

2003 15 1.00 

2015 17 0.53 

2016 7 0.71 

LCL 2015 42 0.14 

MPL 2015 8 0.50 

MPU 2015 26 0.42 

SL 2003 50 0.14 

TL 2015 8 0.13 

 

Regional patterns of attack on S. triangularis 

On short time scales, cinnabar moth attack frequency and intensity rarely varies across 

Western Oregon. We found no detectable difference in mean attack frequency or intensity 

(conditional median percent leaf area removed) between sites in 2003 and 2004 (paired t-

test, p-value = 0.72, 0.68, respectively) (Figure 3.2, panels A, B). We also found no 

detectable difference in mean attack frequency between sites in 2015 and 2016 (paired t-

test, p-value = 0.65). However, we saw a statistically significant decrease in cinnabar moth 

intensity of herbivory (conditional median percent leaf area removed) between sites in 

2015 and 2016 (paired t-test, p-value = 0.036). On average, the mean conditional median 

percent leaf area removed at a site was 16.29% less (95% CI 1.17 - 31.41% less) for 2016 

compared to 2015 (Figure 3.2, panels C, D).  
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Figure 3.2 Tyria jacobaeae foliar attack frequency and intensity (conditional median 
percent leaf area removed (LAR)) of Senecio triangularis did not change over time at 
twenty sites in Western Oregon. Panels A and B show results from 16 sites sampled during 
2003 and 2004; panels C and D show results from 19 sites sampled during 2015 and 2016; 
and panels E and F show summary data from 14 sites visited each of the four years with 
site averages calculated from 2003-2004 and 2015-2016. Significance at the p < 0.05 level 
is indicated with *, and the black line shows mean for each year along with a 95% 
confidence interval. 

 

* 
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When viewing attack on a decadal scale, (averages from the two year snapshots: 2003-

2004:2015-2016), we found no detectable difference in the mean levels of attack frequency 

comparing the early 2000 to the mid-2010s (paired t-test, p-value = 0.86). We also found 

no detectable difference in the intensity of cinnabar moth herbivory (mean difference in 

conditional median percent leaf area removed) between sites in the early 2000s and the 

mid-2010s (paired t-test, p-value = 0.15) (Figure 3.2, panels E, F). To summarize, levels 

of herbivory (frequency and intensity of attack) have been persistent (not transient, but 

steady state) and consistent across annual and decadal times scales 

Inter- and intraspecific non-target plant density  

Additional data on non-target host plants of the cinnabar moth collected at sites sampled 

in 2015 and 2016 showed both a range of S. triangularis densities and the presence of 

additional non-target species. Cooper Creek Bog near Mount Hood had the highest density 

of S. triangularis each year (approximately 25 and 20 ramets per m2 in 2015 and 2016, 

respectively) (Table 3.5). When including other non-target plants in the genus Packera in 

sampled quadrats during the surveys, Little Crater Lake Meadows had the highest 

combined density all of non-target plants. Packera pseudaurea (Rydb.) W.A. Weber & Á. 

Löve was the second most abundant non-target after S. triangularis and was recorded at 

seven sites in 2015 and five sites in 2016. Packera bolanderi (A. Gray) W.A. Weber & Á. 

Löve was also recorded during our surveys, but was found only at the uncolonized Veda 

Lake site (Table 3.5).  

At colonized sites, the combined density of S. triangularis and P. pseudaurea did not have 

a detectable impact on the average frequency or intensity of attack of S. triangularis by 
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cinnabar moth larvae after accounting for year (extra sum of square F-test, p-value = 0.97, 

0.65, respectively). (Table 3.6 for model parameterization and Figure 3.3).  

 

Table 3.5 Site data of locations surveyed for Senecio triangularis exposure to Tyria 
jacobaeae herbivory in Western Oregon. Columns indicate rectangular sampling universe 
size, density of S. triangularis, other non-target host plants for T. jacobaeae located in 
quadrat, and total density of all potential non-target hosts for T. jacobaeae within universe.  
 

Site 
2015 2016 

Size 
(m2) 

SETR† 
ramets/m2 

Other non-
targets 

Non-
targets/m2 

Size 
(m2) 

SETR 
ramets/m2 

Other non-
targets 

Non-
targets/m2 

CCB 40 24.8 PAPS 36.4 40 20.0 PAPS 28.4 
DL 80 13.0 PAPS 13.5 80 11.8 - 11.8 

HVB 120 2.6 PAPS 3.0 120 3.2 PAPS 3.8 
JM 104 3.6 - 3.6 91 6.0 - 6.0 

LCL 110 16.0 PAPS 32.2 120 13.4 PAPS 38.4 
SRM 165 4.4 PAPS 6.2 165 3.0 - 3.0 
TL 48 11.4 PAPS 11.8 54 7.0 PAPS 8.0 
VL 242 6.4 PABO 7.8 242 3.0 PABO 6.4 
FC 100 9.6 - 9.6 100 9.8 - 9.8 
SL 72 8.2 - 8.2 72 10.6 - 10.6 

USL 25 3.6 PAPS 3.8 25 4.2 - 4.2 
WL 25 3.6 - 3.6 25 7.4 - 7.4 
ES 30 9.0 - 9.0 30 10.8 - 10.8 
GR 24 12.0 - 12.0 24 15.2 - 15.2 
WF 64 13.4 - 13.4 64 17.0 - 17.0 

FMM 30 8.6 - 8.6 30 7.4 PAPS 8.0 
FMN 27 4.2 - 4.2 28 10.4 - 10.4 
MPL 225 11.2 - 11.2 225 7.6 - 7.6 
MPU 600 17.6 - 17.6 600 12.0 - 12.0 
† SETR = Senecio triangularis Hook., PAPS = Packera pseudaurea (Rydb.) W.A. Weber & Á. Löve, PABO 
= Packera bolanderi (A. Gray) W.A. Weber & Á. Löve 
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Table 3.6 Statistical model parameterization and estimates of exposure of Senecio 
triangularis to attack by Tyria jacobaeae in Western Oregon in 2015 and 2016. 
 

Response Model parameterization† N  Estimate Std. 
Error 

P-
value 

Attack 
frequency 

Average site attack frequency = β26 + 
β27Density + β28Year 18 

β26 
β27 
β28 

0.6572 
-0.0004 
-0.1013 

0.1593 
0.0083 
0.1574 

0.0009 
0.97 
0.53 

Intensity 
Average conditional median % leaf 
area removed = β29 + β30Density + 

β31Year 
18 

β29 
β30 
β31 

65.4789 
0.3498 

-45.1861 

14.4309 
0.7555 

14.2639 

0.0004 
0.65 

0.006 
† Variables: Density = continuous variable for density of all non-target plants per m2 at site, Year = indicator 
variable for timing treatment where 0 = 2015, 1 = 2016  

 

Target plant presence and attack 

In addition to recording data on non-target host plants, we also documented instances when 

the target host plant tansy ragwort, J. vulgaris, was found in sampled quadrats or near the 

sampling universes. A combination of both random and non-random sampling of sites 

showed J. vulgaris nearby three S. triangularis sites over time. These sites include: Cooper 

Creek Bog, Timothy Lake, and Willow Flats (Table 3.7).   
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Figure 3.3 For Senecio triangularis A) frequency and B) intensity of attack by Tyria 
jacobaeae was not influenced by increasing local density of non-target host plants in 
Western Oregon. Filled points and solid lines represent data from 2015 and open points 
and dashed lines represent data from 2016. Shaded regions indicate 95% confidence bands 
of the regression lines.  
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Table 3.7 Jacobaea vulgaris sampled in Western Oregon from 2003-2016 near populations 
of Senecio triangularis. Columns indicate site, year sampled, number of ramets sampled at 
site, frequency of attacked by Tyria jacobaeae larvae, conditional mean and median level 
of percent leaf area removed of attacked ramets, and standard deviation of the level of 
damage for both J. vulgaris and S. triangularis respectively. Shaded cells indicate values 
> 0. 
 

  Jacobaea vulgaris Senecio triangularis 

Site Year N Attack 
Frequency 

Mean 
damage 

Median 
damage SD N Attack 

Frequency 
Mean 

damage 
Median 
damage SD 

CCB 

2003 19 0.00 - - - 29 0.00 0.00 0.00 0.00 

2004 21 0.00 - - - 23 0.00 0.00 0.00 0.00 

2015 10 1.00 85.00 100.00 24.15 62 0.00 0.00 0.00 0.00 

2016 * * - - - 50 0.04 3.00 3.00 2.83 

TL 
2003 21 0.62 14.54 10.00 13.64 18 0.83 26.67 20.00 19.7

0 
2004 29 0.45 47.31 40.00 36.72 19 0.79 10.00 10.00 5.35 

WF 
2003 18 0.00 - - - 29 0.00 0.00 0.00 0.00 

2004 10 0.00 - - - 20 0.00 0.00 0.00 0.00 

 2016 * * - - - 85 0.00 0.00 0.00 0.00 
* in 2016, J. vulgaris ramets were located at Cooper Creek Bog and Willow Flats, both ~20 m from sampled 
S. triangularis. Attack data was not recorded on these plants as before in 2003 and 2004, but T. jacobaeae 
was confirmed at Willow Flats but not at Cooper Creek Bog.  

 

Discussion 

Patterns of colonization 

Over the last sixteen years we saw a relatively stable level of occupancy of cinnabar moth 

larvae on S. triangularis across twenty sites in Western Oregon. S. triangularis populations 

that were occupied by cinnabar moths in 2001 generally remained occupied in 2016. 

Cooper Creek Bog which was previously unoccupied showed first evidence of cinnabar 

moth damage in 2016 and Emile Shelter which was occupied in 2001 showed no further 

evidence of occupation in the subsequent sampled years. Thus, the colonization of a new 

site was balanced with the loss of another on the largest time scale sampled. Examining the 
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intervening years from 2001 to 2016, we report that four sites have had mixed colonization 

history where the moth was observed some years but not others. We hypothesize this 

fluctuating occupancy of cinnabar moth at Salmon River Meadows, Square Lake, Upper 

Square Lake, and Wasco Lake was due to very low insect populations and our sampling 

was not sufficient to capture the low level of insect damage present.  

Lastly, we acknowledge that cinnabar moths are most likely not far away even if our 

sampled sites of S. triangularis remain empty, especially sites located near roads along 

historically active timber harvests. For example, at one site, Willow Flats, both J. vulgaris 

and cinnabar moth larvae are found within 20 m of the large sampled patch of S. 

triangularis. As such, we hypothesize that a future colonization event these nearby non-

target plants is likely if J. vulgaris becomes scarce. Also, cinnabar moths were seen along 

roads near the colonized S. triangularis sites of Jackpot Meadow and Cooper Creek Bog 

during our surveys. 

Although unassisted cinnabar moth dispersal is limited by distance (Crawley and Gillman 

1989, Rudd and McEvoy 1996, Harrison et al. 1995), we hypothesize that distance and 

spatial relationships do not alone predict cinnabar moth occupation and colonization of 

sites. As an example, there are eight sites close in proximity (< 10 km radius for all sites) 

in the Mount Hood area with ample host plants and strikingly different colonization 

patterns. Two sites, Little Crater Lake and Timothy Lake, had consistent colonization 

across the sixteen-year window while three nearby sites, Dinger Lake, Hickeyville Bog, 

and Veda Lake remained uncolonized even though they were within the probable moth 

spread since time of anthropogenic release assuming a maximum dispersal per generation 
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of between 20-380 m (Crawley and Gillman 1989, Rudd and McEvoy 1996, Harrison et 

al. 1995). The other three sites in the Mount Hood area had variable occupancy history 

with moths most likely existing at a low level throughout time. The differences in spatial 

colonization patterns leads us to believe other factors may be regulating cinnabar moth 

colonization and persistence on S. triangularis.  

Although our data set comprises a large number of sites and years, our study does have 

shortcomings summarizing all of the potential cinnabar moth colonizations across the 

region. We believe the twenty sites sampled during this regional survey were a 

representative sample of the locations where cinnabar moths and S. triangularis interact in 

Western Oregon. However, there were geographic gaps where sampling did not occur. 

Specifically, large areas were not sampled between the Middle Santiam and Umpqua 

region. To address this specific gap, we visited new sites within the North Umpqua region 

in 2016 and confirmed large populations of cinnabar moth larvae on S. triangularis. These 

confirmed sightings affirm for us that the cinnabar moth is established in the region, 

contrasting our occupancy data in our four historically sampled Umpqua sites. From 

additional communication with US Forest Service employees and members of botanical 

societies we feel confident that there are not large regions in Western Oregon where this 

interaction is persisting unobserved.  

Frequency and intensity of attack 

Herbivory of cinnabar moth larvae on S. triangularis varied greatly across Western Oregon 

during our study. Sites that remained uncolonized, do not currently have a cinnabar moth 

hazard, but as all are suitable and accessible for the cinnabar moth as determined through 
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Fuller (2002), they may experience hazard in the future. Across colonized sites in Western 

Oregon we found S. triangularis experienced a range of defoliation severity. We observed 

a range of frequency of foliar attack from 4% to 100% of ramets attacked and defoliation 

levels from 3% to 100% leaf area removed. On average, one half of sampled S. triangualris 

ramets were attacked by cinnabar moth larvae, and those ramets, on average, experienced 

a moderate level of defoliation (49% mean, 40% median leaf area removed). Capitula were 

less frequently attacked than foliage. Of sites and years with recorded cinnabar moth 

presence, only approximately one in three of site-year combinations had capitula attack 

recorded, and this attacked was observed in both the Coast and Cascade Ranges. 

Ultimately, these summaries of foliage and capitula attack are important pieces in an 

exposure analyses and pair with the results of the sensitivity experiment presented in 

Chapter 1 of this thesis to form a full risk model.  

Although our results provide a better picture of the exposure of S. triangularis to cinnabar 

moth larvae defoliation and defloration across both space and time, we still cannot yet 

make conclusions on what biotic or abiotic factors drive high local levels of attack 

frequency, intensity, and type of attack (foliage or foliage and capitula). Attacked sites vary 

in insect abundance; habitat (ranging from wet meadow, wet forest, dry streambeds, to 

bogs); and abiotic factors (such as elevation, mean annual temperature, and mean annual 

precipitation). Our sample captured a wide range of conditions where this interaction is 

occurring and cinnabar moth attack did not appear to be associated with any one specific 

habitat type in our study. However, all of our colonized sites had relatively open canopies 

which is supported by prior results showing that cinnabar moths are generally absent from 
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S. triangularis growing under closed canopies (Diehl and McEvoy 1989, Harris and 

McEvoy 1992, Fuller 2002).  

The frequency or intensity of cinnabar moth larvae attack was not associated with the 

density of all non-target hosts at a site. This contrasts previous experimental work on 

cinnabar moths on the target weed, tansy ragwort (McEvoy et al. 1991, McEvoy et al. 1993, 

Bonsall et al. 2003), and may suggest that cinnabar moths are less likely to regulate 

abundance of the non-target S. triangularis than the target tansy ragwort. However, our 

results are only preliminary due to both the observational nature and the lack of continuity 

of plant densities in the data. Future experiments manipulating density of host plants are 

needed to make conclusions on density dependence of this interaction. Additional data is 

also needed on the role of biotic and abiotic factors, particularly the role of shade, moisture, 

and temperature in determining phenology of plant and insect leading to severe attack of 

both foliage and capitula across Western Oregon. 

Fluctuating levels of damage 

Through our long window of observation, we showed on both annual and decadal scales 

the overall frequency and intensity of attack did not change across Western Oregon. 

Although we reported a statistically significant decrease in intensity of attack between 

2015-2016, this decrease did not influence the decadal trend when we compared the early 

2000s and mid-2010s. These conclusions were made from statistical tests using both 

colonized and uncolonized sites, and even when sites that did not have colonization were 

removed from the analyses, the conclusions from the statistical tests remained consistent. 

On an individual site level, sites with a high frequency and intensity of attack, like Marys 
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Peak Upper Meadow, remained high across sampling time points, and sites with a low 

frequency and intensity of attack, like Timothy Lake, remained low across sampling time 

points. These patterns in both individual sites and across the region showed consistency in 

levels of attack across our sampled time period, approximately thirty years after the 

anthropogenic dispersal of cinnabar moths into the Oregon Cascades. 

Spillover or persistent herbivory? 

Only three of the twenty sampled sites had remnant populations of the target host, tansy 

ragwort present, and each tansy ragwort population had cinnabar moth larvae present at 

least one of the sampled years. One of these three colonized populations of ragwort is near 

a currently uncolonized population of S. triangularis and poses a spillover risk if there is a 

large population of cinnabar moths, or if the density of ragwort is significantly reduced by 

cinnabar moth larvae. The other two populations of ragwort were or are near currently 

colonized populations of S. triangularis. The reported ragwort at the Timothy Lake site 

was not present in recent surveys, and we assume has been locally eradicated.  

Because of the lack of large populations of nearby tansy ragwort, we believe eleven (if we 

exclude Cooper Creek Bog but include Timothy Lake) sites contain not simply spillover 

populations of cinnabar moths, but persistent, established cinnabar moth populations on S. 

triangularis (Fowler et al. 2000, Catton et al. 2015). Our long time-series of records of 

cinnabar moth populations sustained on S. triangularis combined with the lack of target 

plant presence leads us to believe the cinnabar moth could be added to the short list of 

biocontrol agents with “persistent establishment herbivory” on non-target plants (Catton et 

al. 2015).  
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Conclusions 

Overall, analyses of this sixteen-year observational regional dataset revealed a stable 

pattern of colonization, attack frequency, and intensity of herbivory by cinnabar moth 

larvae on S. triangularis. Of sites that had cinnabar moth larvae colonizing S. triangularis, 

we report a moderately high frequency of attack and a moderate level of defoliation on S. 

triangularis. We also showed that the phenological synchrony between cinnabar moth 

larvae and capitula resulting in capitula damage does occur, but infrequently, in both Coast 

and Cascade Range sites. Lastly, these reported patterns are more than simply spillover as 

they almost all occur independently from nearby populations of tansy ragwort. Although 

this study addresses and summarizes the large trends of cinnabar moth colonization, attack 

frequency, and damage from 2001-2016, we still require additional research to understand 

what biotic and abiotic drivers limit cinnabar moth dispersal and colonization, contribute 

to phenological synchrony between plant and insect, and influence the frequency and 

intensity of attack.   
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Abstract 

One or two years of study may not provide a representative sample of time for estimating 

patterns in complex ecological interactions between trophic levels. We present data from a 

six-year observational study of marked genets (plants originating from a single seed) near 

Santiam Sno-Park, Oregon in an effort to better characterize temporal patterns in the 

interaction between the introduced biological control agent Tyria jacobaeae L. 

(Lepidoptera: Erebidae), hereafter the cinnabar moth, on native, non-target plant Senecio 

triangularis Hook. (Asteraceae). During the six-year observation widow from 2011 to 2016 

we saw a large fluctuation in the level of herbivory by cinnabar moth larvae on individual 

plants. The first three years of observation were marked by high levels of attack (0.96, 0.98, 

0.93 proportion of genets attacked, respectively) followed by three years with a rapid 

decline in attack levels (0.47, 0.09, 0.03 proportion of genets attacked, respectively). Of 

genets that experienced herbivory, the intensity of defoliation ranged from 1-100% leaf 

area removed and defoliation at the site level was usually at low to minimal levels (39.62, 

84.60, 32.92, 25.00, 10.00, 3.21 conditional (if attacked) median percent leaf area removed 

for each year 2011-2016). Qualitative summaries of herbivory showed that about half of 

all genets experienced at least one year of high herbivory (≥ 75% leaf area removed) and 

some genets experienced multiple subsequent years of sustained high herbivory. Five of 

forty-four (11.36%) genets sampled at least three years were subject to three or more 

sequential years of high intensity herbivory. Although herbivory levels and patterns of 

herbivory fluctuated over time, S. triangularis genets produced the same number of ramets, 

albeit shorter, over the duration of the study. Overall, our research provides valuable 

information on multi-year interactions of weed biocontrol agents and their non-target hosts 
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and argues that the interaction between cinnabar moth larvae and S. triangularis may be 

complex, but multi-year patterns of fluctuating herbivory may help to mitigate risk to S. 

triangularis, a long-lived iteroparous plant capable of averaging out temporal variation in 

the environment.  
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Introduction 

A full accounting of both the risks and benefits of biological control (biocontrol) is crucial 

for both the management and underlying policy regarding biocontrol agents. One piece in 

understanding and predicting the risks of biocontrol is the pattern of exposure of non-target 

plants to biocontrol agents. Differing temporal or spatial patterns of attack by herbivores 

may result in either an increased risk to the non-target or be mitigating factors that promote 

non-target population persistence (Chesson and Murdoch 1986). For example, patterns of 

herbivory may lead to refugia where non-targets escape herbivory and thus lead to stable 

plant-herbivore dynamics (Hawkins et al. 1993, Berryman et al. 2006, Catton et al. 2005, 

Myers 1976, Myers et al. 1981). Although most reported non-target impacts of weed 

biocontrol agents are minimal or minor (Suckling and Sforza 2014), multi-year 

observations of agents, especially on perennial non-target plants, are necessary to fully 

understand non-target effects and the potential tolerance to herbivory by the non-target.  

In this study we investigate temporal patterns of Tyria jacobaeae L. (Lepidoptera: 

Erebidae) (cinnabar moth) herbivory on marked genets (individual plants originating from 

a single seed) of non-target Senecio triangularis Hook. (Asteraceae), a native western 

montane perennial herb, sampled annually over six years at Santiam Sno-Park, Oregon. 

The cinnabar moth was originally introduced to the United States as a biocontrol agent for 

the target weed tansy ragwort (Jacobaea vulgaris Gaertn. (Asteraceae)) (Frick and 

Holloway 1964). In 1960, the cinnabar moth was introduced to Oregon and throughout the 

following three decades was distributed first across the Willamette Valley and then into the 

Coast and Cascade Ranges (Isaacson 1973, Oregon Department of Agriculture personal 

communication). Effective biological control by the cinnabar moth and ragwort flea beetle 
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(Longitarsus jacobaeae) led to a decline in tansy ragwort, and anthropogenic redistribution 

into the Coast and Cascade Ranges ceased in the 1990s (McEvoy et al. 1991). Due to the 

declining tansy ragwort populations in these mountain ranges, the cinnabar moth remained 

isolated on a novel North American host plant S. triangularis, a widespread montane 

perennial found in moist locations in middle elevation environments (Diehl and McEvoy 

1989, Hitchcock and Cronquist 1973). 

Chapter 2 of this thesis examined how sensitive S. triangularis performance was to a range 

of timings and intensities of herbivory by cinnabar moth larvae and Chapter 3 investigated 

how often these timings and intensities are seen in a variety of field settings across Western 

Oregon. This chapter examines exposure of S. triangularis in a different way by following 

marked individuals over a continuous series of years. Along with a sensitivity analysis and 

regional exposure estimates, this chapter helps to better estimate the ecological risk of the 

cinnabar moth to S. triangularis. This study also provides a distinct, yet complimentary 

perspective to approach the interaction between cinnabar moth larvae and S. triangularis. 

Following marked individual S. triangularis genets over time allows us to characterize both 

the intensity and duration of herbivore attack. And, because S. triangularis is a perennial, 

iteroparous plant this six-year study also allows us a glimpse into how these life history 

traits may allow S. triangularis to mitigate the risk of herbivory. The S. triangularis 

lifestyle may ‘average out’ temporal variability in the environment, including variation in 

herbivory by cinnabar moth larvae as well as other biotic and abiotic factors, and the 

relatively long time frame of our study provides an appropriate temporal scale in which to 

study our organism 
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Herbivory on iteroparous perennial plants 

The ability of insect herbivores to regulate plant fitness and population dynamics is not 

without controversy (Crawley 1983, 1989). While we are beginning to find consensus on 

how insect herbivores have the ability to affect plant populations, especially with examples 

coming from biocontrol, the role that different plant life histories play is less clear (Crawley 

1989, Louda and Potvin 1995, Maron and Crone 2006). Because S. triangularis can 

reproduce many times throughout its lifespan, reproduce vegetatively through the 

production of ramets, and persist through many seasons it may be less sensitive to 

herbivory than plants that are short-lived and depend on regeneration from seed (Louda 

and Potvin 1995). In general, research relating to the effects of herbivory on population 

dynamics of iteroparous perennial herbs is limited (notable exceptions include Rausher and 

Feeny 1980, Doak 1992, Ehrlen 1995, and Kelly and Dyer 2002). Because perennial plants 

can experience multiple years of herbivory it is also important to understand how the 

history of individuals impacts plant population dynamics. This work aimed to begin to 

classify and characterize the experiences of S. triangularis genets to herbivory by cinnabar 

moth larvae, ultimately to help better understand historical events can shape population 

dynamics (Root and Cappuccino 1992, Ehrlen 2000). 

Research questions 

In this study, we address the patterns of S. triangularis exposure to cinnabar moth 

herbivory through a six-year observational dataset of marked S. triangularis genets at 

Santiam Sno-Park, Oregon.  
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Prior work on S. triangularis and other non-targets of the cinnabar moth includes: host-

specificity testing in both Oregon and Montana (Karaçetin 2007, Markin and Littlefield 

2007), an evaluation of distributions of the cinnabar moth and non-targets in Western 

Oregon (Fuller 2002), and a short term observational study of two-years of cinnabar moth 

attack on S. triangularis (Higgs and McEvoy unpublished data). A recent study also 

reported the rapidly evolved adaptation of cinnabar moth larval development to high-

elevation abiotic environments where non-target hosts are found (McEvoy et al. 2012). 

The specific objectives of this study were to continue to characterize non-target impacts of 

cinnabar moth larval herbivory on S. triangularis by: a) describing the pattern of herbivory 

by cinnabar moth larvae on marked S. triangularis genets from 2011-2016 and b) 

estimating demographic parameters of S. triangularis genets including survival, growth, 

and reproduction from 2011-2016.  

Methods 

Study site and design 

We established a S. triangularis demographic study site near Santiam Sno-Park 

(44.422990°, -121.862247°) in the Willamette National Forest in Linn County, Oregon. 

Previously dominated by Pseudotsuga menziesii, Tsuga mertensiana, and Pinus contorta, 

this site experienced a stand replacing fire in 2003 and now is dominated by a large amount 

standing dead and down woody debris. Santiam Sno-Park supports a moderate-sized S. 

triangularis population among standing dead trees, young conifer recruits, and Salix spp. 

shrubs, and is dispersed across an area oriented east to west of approximately 150 x 30 m 

= 4500 m2.  
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In 2011 we randomly chose forty-five S. triangularis genets, a 50% subsample, from the 

larger existing population and collared the genets at the soil surface for identification and 

yearly relocation using steel circular wire and a numbered brass tag. We then secured 

circular wires to the ground using 5.24 x 3.81 cm 11-gauge steel Anchor landscaping 

staples. In June of 2015 we collared an additional forty-five genets at the site to increase 

the number of genets followed through time. We selected genets in 2015 by taking a 30% 

random sample of S. triangularis genets near already marked individuals using a random 

number generator. We collared the new genets for future identification using numbered 

round aluminum tags, 91.44 cm x 50 Lb strength nylon Tach-It zip ties, and 15.24 x 3.81 

cm 11-gauge steel Anchor landscaping staples. We mapped the location of each collared 

genet in 2011 and 2015 to aid in genet recovery and yearly demographic sampling. 

Yearly sampling 

During late summers of 2011 to 2016 we located and sampled collared genets for survival, 

size (number of ramets per genet, ramet length, ramet basal diameter), stage (ramet 

vegetative or reproductive), reproduction (number and state of capitula, or flower heads), 

and damage by cinnabar moth larvae, vertebrates, and phytopathogens. We estimated 

damage through a visual estimation of percent leaf area removed by herbivores or percent 

leaf area damaged by pathogens. To maximize sampling efficiency, we measured a 20% 

random sample of ramets or five ramets, whichever was greater, from each genet. We 

selected random numbers through the use of a random number table or random number 

generator. 
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We chose sampling dates to capture a point in time after cinnabar moth larval herbivory 

was complete, but before S. triangularis foliage began to senesce. Specifically, we sampled 

on the following dates and thermal times (degree days calculated with a minimum 8.6°C 

threshold):  October 4, 2011 (541 DD), September 6, 2012 (533 DD), September 27, 2013 

(696 DD), September 4, 2014 (600 DD), August 19, 2015 (640 DD), September 6, 2016 

(570 DD). Summary weather data compiled from USDA Natural Resources Conservation 

Service Hoggs Pass SNOTEL station, (approximately 375 m SE of site) in each year of the 

study are presented in Table 4.1 and Figure 4.1.  

 

Table 4.1 Weather data of Santiam Pass, Oregon. Data compiled from the Hoggs Pass 
SNOTEL Natural Resources Conservation Service Data. Precipitation is listed for the 
water year (e.g. 2011 = Oct 2010 – September 2011 water year). Monthly average 
temperature weather data follows calendar year and is reported in °F.  
 

Year Precip. 
(mm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2011 2060 33.5 28.6 32.4 32.5 38.5 47.0 54.9 58.1 57.8 43.5 33.4 33.7 
2012 1994 32.6 30.3 32.2 38.5 43.9 46.9 57.6 60.4 56.4 44.1 37.0 28.9 
2013 1758 31.1 31.6 35.4 37.9 45.8 52.0 61.9 58.5 50.9 42.4 35.8 31.3 
2014 1750 36.5 29.0 36.1 39.2 46.4 49.8 62.5 59.4 54.3 47.6 34.5 33.1 
2015 1265 38.2 38.3 41.3 38.7 47.3 59.4 60.9 59.8 50.8 48.7 32.6 30.6 
2016 1618 31.6 36.6 35.6 43.5 47.3 52.3 55.9 59.8 50.6 42.3 39.8 26.3 
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Figure 4.1 Daily average air temperature from 2011 to 2016 at Santiam Pass, Oregon 
showing daily fluctuations and yearly smoothed averages. Data compiled from the Hoggs 
Pass SNOTEL Natural Resources Conservation Service Data. Normal = indicates 20-year 
“normal” average daily weather data 1985-2005. 

 

Statistical analyses 

We completed all data preparation, analyses of statistical models, and comparisons with R 

version 3.3.2 -- "Sincere Pumpkin Patch" (R Core Team 2016).  

We summarized data of cinnabar moth larval attack on S. triangularis by calculating the 

frequency of genets attacked and the conditional mean and median level of genet herbivory 

(percent leaf area removed) for each year. We averaged the visual estimate of percent leaf 

area removed of the subsampled ramets within genets and used this average as the estimate 

of the level of herbivory experienced by each genet.  

We used a model selection procedure to investigate patterns of herbivory over time. 

Specifically, we built different models to understand if correlations in residuals exist due 
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to the repeated sampling of genets over time. Four models with different correlation 

structures for cinnabar attack within genets were proposed 1) an initial linear mixed model, 

2) a linear mixed model with a compound symmetry correlation structure for cinnabar 

attack within genets, 3) a linear mixed model with an autoregressive lag 1 correlation 

structure for cinnabar attack within genets, and 4) a linear mixed model with residual 

general correlation for cinnabar attack within genets. The initial model assumed constant 

correlation among years with correlation between 0 and 1, the compound symmetry model 

assumed constant correlation among years with correlation between -1 and 1, the 

autoregressive lag 1 model assumed that correlation increased with time, and the general 

correlation structure model allowed correlations to differ among all possible year 

comparisons. We examined the BIC values for each model and determined the best 

supported model by selecting the model with the smallest BIC.  

We also prepared qualitative measures of herbivory by cinnabar moth larvae. Using the 

original forty-five genets we classified herbivory into one of four levels: 0% < Minimal < 

25%; 25% ≤ Low < 50%; 50% ≤ Moderate < 75%; and 75% ≤ High ≤ 100% leaf area 

removed per genet. Using these qualitative measures, we generated transition matrices that 

represent the proportion of marked plants that experience each of the sixteen possible 

transitions between qualitative herbivory categories in year t to t+1 (and between year t+1 

and t+2, and so on). For example, these matrices show which proportion of genets had high 

herbivory in 2011 and then transitioned to moderate herbivory in 2012, along with the other 

fifteen possible transitions between one year and the next. 
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In addition to estimating patterns of cinnabar moth herbivory, we also estimated 

demographic parameters. We summarized data on the mortality of genets by tracking 

genets over time to ensure that genets that were not located were truly dead and not 

overlooked due to observational error. Data on the growth of genets over the six-year 

observational window was compiled using three different operational measures of genet 

size (number of ramets per genet, average ramet length, and the sum of all ramet lengths 

in a genet). The product of average ramet length and number of ramets per genet was used 

to calculate the sum of all the ramet lengths because each ramet in a genet was not 

individually measured. Reproductive output of a genet was calculated as the estimated total 

capitula produced. The product of the average number of capitula (excluding dead capitula) 

per ramet and the number of ramets per genet was used as an estimate of reproduction due 

to our subsampling of ramets. Growth and reproduction on marked genets over the six-year 

period were compared using paired t-tests of sampled parameters in 2011 and in 2016. 

Results 

Cinnabar moth damage 

Of the six years of the study, the first three years (2011-2013) were characterized by both 

high frequency and intensity of cinnabar moth larval herbivory followed by three years 

(2014-2016) of declining frequency and intensity of cinnabar larval herbivory (Table 4.2 

and Figure 4.2). Although there were variations from year to year in levels of damage seen 

by individual genets we saw an overall increasing level of herbivory to a peak in 2012 and 

then a gradual decline, whereby in 2016, only two genets experienced herbivory, both at a 

low level.  
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Table 4.2 Frequency and intensity of Tyria jacobaeae larval attack of all marked Senecio 
triangularis genets and at Santiam Sno-Park, Oregon. Attack Frequency = proportion of 
genets attacked by T. jacobaeae larvae, Mean damage = conditional mean damage (percent 
leaf area removed by T. jacobaeae), Mean damage = conditional median damage (percent 
leaf area removed by T. jacobaeae). 
 

 
Year Attack Frequency Mean Damage Median Damage SD 

 2011 0.96 45.60 39.62 35.80 
 2012 0.98 66.98 84.60 35.18 
 2013 0.93 41.79 32.92 28.06 
 2014 0.47 37.89 25.00 34.87 
 2015 0.09 23.14 10.00 22.36 
 2016 0.03 3.21 3.21 2.52 

 

We fit three of the four proposed linear mixed models to the twenty-seven genets measured 

and alive all six years. When linear mixed models were fit to the data to assess correlation 

structures for herbivory patterns over time within genets we were unable to fit a model with 

a general correlation structure due to the low number of genets followed over all six years. 

Of the three fitted models however, the initial linear mixed model was chosen (Table 4.3 

for BIC values). 
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Figure 4.2 Tyria jacobaeae herbivory of Senecio triangularis has declined to almost 
undetectable levels at Santiam Sno-Park, Oregon since 2011. Gray lines track the intensity 
of herbivory of all marked S. triangularis genets and the black line indicates the mean and 
the standard error for each year. 

 
Table 4.3 BIC values for each model considered. Each model had a different structure for 
the residual errors allowing for different correlations for the Tyria jacobaeae herbivory of 
twenty-seven Senecio triangularis genets over six years at Santiam Sno-Park, Oregon.  
 

Model correlation structure BIC Value Correlation parameter 

Initial 1554.58 NA 
Compound symmetry 1559.66 ρ = -0.0003 
Autoregressive lag 1 1556.81 ρ = 0.1968 

 

Qualitative patterns of herbivory of the original forty-five marked genets showed that 

almost every possible herbivory transition was seen except the transition from low 

herbivory (25% ≤ Low < 50% leaf area removed) to high herbivory (75% ≤ High ≤ 100% 

leaf area removed) over the six studied years (Figure 4.3 and Table 4.4). When examining 

all herbivory experienced by the original forty-five genets, about half of all genets 

experienced at least one year of high intensity herbivory. Eight genets experienced one 
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year of high intensity herbivory, eleven genets two, four genets three, and one genet 

experienced four years of high intensity herbivory out of the six years surveyed (Table 4.5). 

Runs, or sequential years, of high levels of herbivory were also present in our sampled 

plants. Nine genets had two year runs of high herbivory, four genets experienced three year 

runs of high herbivory, and one genet experienced four years of sustained high levels of 

herbivory (Table 4.5).  

 

Figure 4.3 Qualitative patterns of Tyria jacobaeae herbivory of Senecio triangularis at 
Santiam Sno-Park, Oregon. Lines track the patterns of herbivory of the original forty-five 
marked S. triangularis genets and the relative darkness of each line segment represents the 
proportion of genets undergoing each herbivory pattern transition each year. Min. = 
minimal herbivory, Mod. = moderate herbivory (0% < Minimal < 25%; 25% ≤ Low < 50%; 
50% ≤ Moderate < 75%; and 75% ≤ High ≤ 100% leaf area removed per genet). N= 44, 
43, 38, 32, and 27 genets for each year, respectively. 

 

Survival 

Of the ninety marked S. triangularis genets, twelve were pronounced dead over the course 

of the study after thoroughly searching the collared area for vegetation and rechecking for 

100% 

0% 
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signs of vegetation the following year (Table 4.6). Five genets experienced mortality in 

2014, four genets in 2015, and three genets in 2016. Considering the addition of forty-five 

genets in 2015, this resulted in mortality levels of 13.16%, 5.19%, and 4.29% during the 

last three years of observation. However, some of the marked genets were not recoverable 

throughout the study. We were unable to locate three (1 each 2012, 2014, and 2016) genets 

and attribute their loss to demonic intervention as the wires, tags, and staples may have 

been pulled up and removed. Five genets were not located in 2016 due to catastrophic falls 

of once standing dead trees (Table 4.6).  

Table 4.4 Transition matrices of various qualitative herbivory patterns of herbivory by 
Tyria jacobaeae on the original forty-five marked Senecio triangularis genets over six 
years at Santiam Sno-Park, Oregon. Min. = minimal herbivory, Mod. = moderate herbivory 
(0% < Minimal < 25%; 25% ≤ Low < 50%; 50% ≤ Moderate < 75%; and 75% ≤ High ≤ 
100% leaf area removed per genet). Year t is displayed in the top row of each matrix and 
the left column represents the transition from year t to year t+1 
 

2011 
 

2014 
 Min. Low Mod. High   Min. Low Mod. High 

Min. 0.136 0.023 0.045 0  Min. 0.75 0.094 0.063 0.094 
Low 0.091 0.068 0 0  Low 0 0 0 0 
Mod. 0.045 0.045 0.023 0  Mod. 0 0 0 0 
High 0.136 0 0.114 0.273  High 0 0 0 0 
                     

2012 
 

2015 
 Min. Low Mod. High   Min. Low Mod. High 

Min. 0.093 0.07 0.023 0.186  Min. 1 0 0 0 
Low 0.093 0.047 0.047 0.093  Low 0 0 0 0 
Mod. 0.023 0.047 0.023 0.093  Mod. 0 0 0 0 
High 0 0 0 0.163  High 0 0 0 0 
                

2013 
      

  Min. Low Mod. High       
Min. 0.289 0.289 0.105 0.079       
Low 0.079 0 0 0       
Mod. 0.026 0 0 0.026       
High 0.053 0 0 0.053       
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Table 4.5 Intensity of Tyria jacobaeae larval herbivory of the original forty-five marked 
Senecio triangularis genets and at Santiam Sno-Park, Oregon. Values represent percent 
leaf area removed per genet and are shaded corresponding to the category of herbivory 
 

 Year 

Genet 2011 2012 2013 2014 2015 2016 
24 29.0 30.0 50.0 30.0 0.0 0.0 
26 10.0 UN† UN UN UN UN 
27 67.5 100.0 20.0 - - - 
28 50.0 10.0 15.0 5.0 0.0 0.0 
29 0.0 81.1 15.0 0.0 0.0 0.0 
31 5.0 40.0 20.0 100.0 0.0 0.0 
32 95.0 100.0 59.3 0.0 NA 0.0 
33 90.0 100.0 90.0 - - - 
34 20.0 46.7 33.3 0.0 0.0 0.0 
35 15.0 98.0 12.5 0.0 0.0 0.0 
36 100.0 100.0 26.4 2.0 0.0 0.0 
37 100.0 100.0 87.5 95.0 0.0 0.0 
38 12.5 96.7 60.0 27.5 3.0 0.0 
39 96.7 93.3 60.0 - - - 
40 90.0 90.0 72.5 45.0 0.0 0.0 
41 85.3 100.0 0.0 UN UN UN 
42 85.0 99.3 90.0 65.0 0.0 0.0 
43 0.5 65.0 30.0 0.0 - - 
44 39.6 43.8 45.0 11.4 0.0 0.0 
45 8.0 16.8 24.5 7.1 0.0 0.0 
46 9.0 8.9 29.0 21.3 0.0 1.4 
47 2.7 100.0 28.8 7.8 0.0 0.0 
48 12.9 100.0 82.1 75.0 0.0 0.0 
49 1.0 10.0 32.5 0.0 0.0 TF 
50 67.5 99.8 46.7 2.5 0.0 0.0 
51 100.0 100.0 5.0 50.0 0.0 0.0 
52 50.0 100.0 10.0 100.0 - - 
53 60.0 50.0 25.0 0.0 0.0 0.0 
54 15.8 55.9 7.5 0.0 NA 0.0 
55 33.3 56.7 63.3 15.0 0.0 0.0 
56 0.0 0.0 40.0 0.0 NA 0.0 
57 55.0 96.7 75.0 0.0 - - 
58 97.5 97.5 82.5 0.0 0.0 - 
59 97.0 100.0 0.0 0.0 - - 
60 30.0 50.0 NA 0.0 0.0 - 
61 2.7 84.6 3.8 0.0 0.0 0.0 
62 8.0 25.0 2.5 0.0 0.0 0.0 
63 62.5 22.5 17.5 0.0 0.0 0.0 
64 55.0 100.0 92.5 0.0 0.0 0.0 
65 17.5 10.0 30.0 - - - 
66 91.3 99.3 45.0 0.0 0.0 0.0 
67 18.3 35.0 65.0 0.0 0.0 0.0 
68 25.0 20.0 70.0 0.0 0.0 0.0 
69 45.0 32.5 6.7 22.5 0.0 TF 
70 5.0 15.0 0.0 TF UR TF UR TF UR 

†UN = unrecoverable, wires and tags pulled up or unable to be relocated; - = mortality, NA = not sampled; TF = 
treefall over genet, unable to sample; TF UR = genet was located at base of tree and was uprooted when tree fell.  



 
91 

 

Table 4.6 Survival data of marked Senecio triangularis genets at Santiam Sno-Park, 
Oregon. N marked = number of marked genets at sight, N located = Number of genet 
collars and tags relocated, N alive = Number of genets alive in collars, N deaths = number 
of empty collars with no signs of vegetative material. 
 

Year N marked N located N alive N deaths Mortality 

2011 45 45 45 0 0% 
2012 45 44 44 0 0% 
2013 45 43 43 0 0% 
2014 45 43 38 5 13.16% 
2015 90 88† 76† 4† 5.19%† 
2016 90 82 70 3 4.29% 

†3 genets were located and presumed dead in 2015, but were found alive in 2016. These genets were not 
included in mortality calculation presented above 

 

Growth and reproduction 

Genets fluctuated in size and reproductive output throughout the course of the study. 

Depending on operational measures of size used, genets fluctuated slightly from year to 

year, but in general, did not show substantial change in number of ramets per genet (Figure 

4.4). When we compare genets that were sampled in 2011 and again in 2016 we found no 

detectable difference in number of ramets per genet (paired t-test, p-value = 0.16). 

However, average ramet length and the genet size (sum of all the ramet lengths in a genet) 

was statistically significant and smaller in 2016 than in 2011 (paired t-test, p-value < 0.001, 

= 0.007, respectively). Average ramet lengths were 32.91 cm (95% CI 25.51 – 40.30) 

smaller in 2016 than in 2011, and total genet size (sum of all ramet lengths) was 508.62 

cm smaller in 2016 than in 2011 (95% CI 150.99 – 866.25).  In addition, genets, were less 

reproductive in 2011 than in 2016 (paired t-test, p-value = 0.023). On average, genets 

produced 62.16 (95% CI 9.23 – 155.09) fewer capitula in 2016 than in 2011 (Figure 4.5).  

Fluctuations in growth and reproduction during the intervening years of 2012-2015 do not 

seem to broadly correspond to the trends in cinnabar moth damage seen in Figure 4.2.   
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Figure 4.4 Senecio triangularis individual genet size over six years at Santiam Sno-Park, 
Oregon. Gray lines track the marked S. triangularis genet size using different operational 
measures A) the number of ramets per genet, B) average ramet length, and C) sum of each 
ramet length in the genet and the black line indicates the mean and the standard error of 
each year. 
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Figure 4.5 Reproductive output of Senecio triangularis genets at Santiam Sno-Park, 
Oregon. Gray lines track the marked S. triangularis capitula per genet and the black line 
indicates the mean and the standard error of each year. Grey lines that reach the x-axis 
indicate a genet with subsampled ramets that were entirely vegetative.  

 

Discussion 

Patterns of herbivory 

Cinnabar moth herbivory at Santiam Sno-Park between 2011 and 2016 was characterized 

by three years of heavy defoliation followed by a drastic decrease in herbivory resulting in 

almost no defoliation. Twenty-four (53.33%) of the original forty-five genets experienced 

at least one year of high intensity (≥ 75% leaf area removed) herbivory and fourteen 

(31.11%) genets had at least two or more sequential years of high intensity herbivory. 

Model fitting and selection accounting for different correlation structures in the pattern of 

cinnabar moth attack within genets showed that the initial mixed model without a 

correlation structure was best supported by BIC. This indicates that patterns of residuals of 

cinnabar moth attack are not better fit with a compound symmetry model or autoregressive 
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lag 1 correlation structure. However, further analyses and additional genets followed 

throughout time are needed to completely unravel patterns of attack within genets over 

time. Taken together, these results indicate that the exposure to cinnabar moth herbivory 

at a site varies dramatically over a relatively short observation window (six years), and that 

the persistence of high levels of herbivory is possible for this plant-herbivore interaction.  

Although we do not know what caused the decline in cinnabar moth herbivory starting in 

2014, it could be exacerbated or partially due to extreme climate conditions during 2015. 

The winter of 2015 produced the lowest level of snowpack in thirty-five years (since 

records began) and snowmelt occurred one to three months early across the Oregon 

Cascades (USDA NRCS Oregon Basin Outlook Report June 1, 2015). This lack of snow-

pack was coupled with record high temperature during the summer months of 2015 (NOAA 

State of the Climate Overview, 2015). Alternatively, the population of cinnabar moths at 

Santiam Sno-Park may have declined due to other abiotic factors, such as an early frost in 

prior years, or biotic factors such as disease. Nearby populations of cinnabar moths at 

Square Lake, Wasco Lake, and First Creek (see Chapter 3) also seem to be in decline 

compared with levels seen in the 2014 season (personal observation). Lastly, one additional 

alternative hypothesis on the decline in cinnabar moth herbivory, and by association 

cinnabar moth abundance, at Santiam Sno-Park could be that we simply observed a 

periodic fluctuation in herbivore population abundance, which has been observed for this 

species and its target plant tansy ragwort (Dempster 1971, Bonsall et al. 2003, van der 

Meijden et al. 1998). Fluctuations in cinnabar moth abundance is usually related to changes 

related to resource abundance, but since S. triangularis is a perennial plant and there are 

many other unattacked genets near our sampled ones perhaps plant abundance is regulating 
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the fluctuation. However, this hypothesis could be further supported through continued 

yearly sampling that shows a rebounding cinnabar moth population and heavy damage in 

subsequent years.  

Mortality 

Twelve of ninety marked genets suffered mortality during the six-year window of 

observation, and only one cause of mortality is known for certain. Genet #70 was located 

at the base of a tree that fell and caused the genet’s roots to be severed and the collared 

location to be suspended above the ground. The remaining eleven mortalities could be due 

to persistent herbivory by cinnabar moth larvae or other biotic or abiotic factors. The plants 

that experienced mortality in 2014 had the following qualitative patterns of herbivory for 

the three proceeding years: Moderate-High-Minimal, High-High-High, High-High-

Moderate, Minimal-Minimal-Low. The patterns of herbivory for mortality in 2015 were: 

Minimal-Moderate-Low-Minimal, Moderate-High-Minimal-High, Moderate-High-High-

Minimal, and High-High-Minimal-Minimal. Unraveling these patterns reveals that some 

genets with high levels of herbivory in their recent history experience mortality, but 

because other genets of similar or worse intensity of herbivory patterns did not suffer 

mortality, we are unable to ascribe these deaths to high herbivore pressure. Additional 

research is necessary to study how persistent high intensity of herbivory combined with 

other factors such as plant size are related to mortality. Lastly, other potential causes of 

mortality could be deposition of sediment on the genets and lack of moisture during the 

record summer drought of 2015 (NOAA State of the Climate: Drought, 2015 and see 

Chapter 2). 
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Growth and reproduction 

When we compared genet size and reproduction from 2011 to 2016 we saw in general that 

genets produced the same number of ramets, but those ramets were shorter, and that genets 

produced fewer capitula. This reduction in growth and reproduction mirrors the reduction 

in size and reproduction in 2016 that we saw in genets near Big Lake Youth Camp, and we 

believe that this response may be related to the record hot and dry summer of 2015 (see 

Chapter 2). However, we are unable to conclude for certain whether the reduced size was 

purely caused by abiotic factors, or if the reduction was the result of biotic attack during 

prior years. 

Mitigating factors 

The life-history traits of S. triangularis may prove to be one of the most important 

mitigating factors against non-target herbivory by cinnabar moth larvae. S. triangularis is 

a perennial, iteroparous plant, and as such may be better able to withstand fluctuating levels 

of herbivory by cinnabar moth larvae than annual, semelparous or perennial, semelparous 

plants (Louda and Potvin 1995, Maron and Crone 2006). We showed that in a six-year 

window of fluctuating levels of herbivory at Santiam Sno-Park half of the original forty-

five genets experienced an herbivory event removing 75% or more of foliage, with some 

genets experiencing up to four years of high levels of herbivory. Even though most genets 

experienced herbivory, there was not a clear link between herbivory and mortality, and 

over the six years sampled genets generally produced the same number of ramets. 

Additionally, the timing of herbivory may prove to be another important mitigating factor 

in the tolerance of S. triangularis to herbivory by cinnabar moth larvae. At this and other 

sites the maximum feeding rates by cinnabar moth larvae occur when larvae are late instars 



 
97 

 

which usually occurs after both flowering and the majority of the photosynthetically active 

season of S. triangularis, and the synchrony or asynchrony of caterpillar feeding with 

blooming may prove to be crucial in estimating the cinnabar moth’s consequences to S. 

triangularis.  

Conclusions 

Our results from this six-year demographic study showed a fluctuating cinnabar moth 

herbivory regime on S. triangularis. Herbivory was more frequent and intense during the 

first three years of the study and some S. triangularis genets experienced high and 

persistent levels of cinnabar moth herbivory of up to four years of greater than 75% leaf 

area removed. Patterns of herbivory of marked genets were complex over time and 

generally decreased to low frequency and intensity by the summer of 2016. Mortality and 

changes in growth and reproduction did not appear to be strongly related to herbivory 

patterns and S. triangularis appears to be resistant to even sustained high levels of 

herbivory. Although our results support conclusions of the tolerance of S. triangularis to 

herbivory by cinnabar moth larvae, additional research is necessary to understand 

additional factors that may mitigate or increase risk including climate change, spatial 

refugia, refugia of certain size classes of plants, and the ability of the cinnabar moth to 

adapt to it’s newly acquired host.  
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Chapter 5: General conclusions 

In this thesis we evaluated the ecological risk of the biological control agent, the cinnabar 

moth, on a non-target native perennial, iteroparous plant S. triangularis in Western Oregon. 

We framed our investigation using a risk = hazard × exposure model and completed a two-

year experiment which estimated effects of varying the timing and intensity of attack by 

cinnabar moth larvae on plant demographic rates (Chapter 2), a sixteen-year regional 

survey of the occupancy, frequency, and intensity of attack of cinnabar moth larvae 

(Chapter 3), and a six-year demographic study of rates of herbivore attack, survival, 

growth, reproduction of marked S. triangularis individuals (Chapter 4).  

Our experimental manipulation of timing and intensity of herbivory by cinnabar moth 

larvae near Big Lake, Oregon showed that S. triangularis was tolerant to a wide range of 

intensities of herbivory. However, S. triangularis was extremely vulnerable to a rarely 

experienced, experimentally engineered phenological match between developing capitula 

and late instar cinnabar moth larvae. This match resulted in nearly complete consumption 

of all capitula and could influence S. triangularis plant population dynamics if recruitment 

is sensitive to a reduction in seed density. Our results also showed there was a statistically 

significant and negative relationship between increasing intensity of herbivory in year t 

and growth (total length of all ramets in a genet) in year t+1. These results were supported 

through additional analyses of a two-year observational study at First Creek presented in 

Appendix C. The experiment also revealed possible implications of climate change for S. 

triangularis populations, including a reduction in reproductive output and growth when we 
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compared results from extreme climate time intervals (2014-2015) and “normal” climate 

intervals (2009-2010).  

The regional survey of twenty sites for occupancy (2001-2016) and damage (2003-2016) 

of cinnabar moths on S. triangularis showed a balance in colonization and extinction and 

stable intensities of herbivory over a large geographical scale. We observed persistent 

attack by cinnabar moth larvae on the non-target host, in the absence of the target host, 

tansy ragwort, for S. triangularis populations in both the Coast and Cascade Ranges of 

Western Oregon. The attack area was wide and extended approximately 250 km from near 

Mount Hood in the north to the North Umpqua area in the south. Also, during our sixteen-

year observation window we saw stability in the pattern of cinnabar moth colonizations 

and extinctions, where one new colonization was balanced with the loss of cinnabar moths 

at another site. Lastly, attack frequency and intensity were generally consistent at both the 

annual and decadal scale. Across all sites colonized by cinnabar moths and years sampled, 

on average 51% of all ramets were attacked, and those that were attacked were so at a mean 

and median level of herbivory of 49% and 40% leaf area removed, respectively (Figure 

5.1).  

Our six-year (2011-2016) demographic study of cinnabar moth larval herbivory on S. 

triangularis at Santiam Sno-Park, Oregon revealed a range of patterns of attack. The first 

three years of study were characterized by high frequency and intensity of attack followed 

by a decline so that in the last sampled year, herbivory was rare and at a minimal level. 

Qualitative summaries of herbivory showed that about half of all S. triangularis genets 
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followed throughout time experienced at least one year of high herbivory (≥ 75% leaf area 

removed) and that genets could experience up to four years of sustained high herbivory.  

Returning to the risk model (risk = hazard × exposure) used to frame this work, we showed 

that herbivory of S. triangularis by the biocontrol agent the cinnabar moth is mildly 

hazardous with the most severe effects of herbivory on plant demography are the 

consumption of capitula and the reduction of growth at high intensities of herbivory. The 

exposure to the early synchronous phenology between developing capitula and late instar 

larvae leading to capitula consumption is rare, but high intensity herbivory is more 

common and widespread across Western Oregon. Together, our results support conclusions 

that the cinnabar moth poses a low to moderate risk to S. triangularis with the potential for 

this risk to change with changes in phenology and/or climate.  

 

Figure 5.1 Summary of herbivory by Tyria jacobaeae on Senecio triangularis across 
Western Oregon in 2003, 2004, 2015, and 2016. The solid vertical line indicates the mean 
herbivory level while the dashed line indicates the median herbivory level of all attacked 
ramets.  
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Appendix A: Index of Senecio developmental stage 

 (Modified from Cox 1981): 

1. Primordia - capitula from the time that the radial symmetry of the involucral 

bracts is clearly visible until they pass to the bud stage.  

2. Buds - capitula with involucral bracts that have opened enough to expose the 

disk florets. The ray florets are projected distally and remain rolled up. The 

florets are preanthesis and their yellow pigmentation is clearly visible.  

3. Flowers - capitula whose ray florets have expanded laterally and whose stigmas 

are exposed. This stage lasts as long as the ray corollas persist. At the end of 

this stage the pappus becomes visible.  

4. Fruits - capitula whose achenes have a well-developed pappus. The achenes are 

dark and easily dislodged from the receptacle.  

5. Dispersed Capitula are those capitula disseminating ray and disk achenes.  

6. Dead Primordia- capitula which are dried and shriveled and are no longer green. 
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Appendix B: Allometric relationships in Senecio triangularis 

Describing size and subsequently, the relationship between size and reproduction can be 

complex in clonal species. In Senecio triangularis this is due to the fact that one individual 

of the same genetic makeup, a genet, may be composed of one to many individual shoots, 

or ramets, each of varying size and stage (vegetative or reproductive). As such, there are 

various ways to describe the size of a genet: the number of ramets in the genet, the average 

ramet length, or the sum of all the individual ramet lengths. Depending on the operational 

measure of size of genet used, different information and results can be conveyed. For 

example, when considering S. triangularis genets used in the Big Lake experiment 

(Chapter 2 of this thesis), the number of ramets per genet did not change dramatically 

between year 2015 and 2016, but the length of each ramet was reduced (Figure A.1). To 

capture information on both the number of ramets in a genet and their lengths, the 

operational measure of genet size in this thesis was taken to be the sum of the lengths of 

each ramet in the genet. Additional figures that describe how the size of genets changes 

between year t and t+1 are shown in Figure A.1.  

Because the stage and reproductive output of an entire genet is ultimately controlled by the 

reproductive output of each ramet, we also have a desire to understand how ramet size 

influences reproduction. A binomial generalized linear regression with a logit link was 

used to test for the influence of ramet length and year on reproductive status of the ramet 

(vegetative or reproductive) for S. triangularis ramets in our study at Big Lake in 2015 and 

2016. To avoid violating the assumption of independence among observations, we used a 

bootstrapping procedure. This involved creating a subset of the full dataset by randomly 

sampling one ramet from each genet and then fitting a logistic regression model to this  
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Figure A.1 Senecio triangularis size between 2015 and 2016 decreased by a reduction in 
ramet length and not ramet number for genets at Big Lake in Western Oregon. 
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subset. We repeated this procedure ten thousand times to sample all available ramets and 

present summary results from the ten thousand model iterations (Table A.1). 

After a ramet has reached reproductive state, we used a general linear model to test for the 

effects of ramet length and year on log number of capitula produced. Again, because 

modeling multiple ramets within a genet violates the assumption of independence we 

followed a bootstrapping procedure. Like for the binomial model, we created a subset of 

the data set by randomly sampling one reproductive ramet per genet and then fitting a linear 

regression model to the subset. We repeated this procedure ten thousand times and present 

summary results from the model iterations (Table A.1). 

Table A.1 Model parameterization and estimates of Senecio triangularis ramet 
demographics at Big Lake in Western Oregon in 2015 and 2016. 

Response Model parameterization†  Estimate Std. Error  

Ramet stage transition logit (pr) = β16 + β17Length+ β18Year 
β16 
β17 
β18 

-7.0970 
0.2073 
-0.6994 

0.9065 
0.0236 
0.3625 

 

Reproduction ln(capitula) = β19 + β20Length+ β21Year  
β19 
β20 
β21 

-0.3581 
0.0325 
-0.3400 

0.0959 
0.0017 
0.0409 

 

† Variables: pr = probability of reproductive ramet (> 0 capitula), Length = continuous variable for ramet 
length (cm), Year = indicator variable for year (2015 = 0, 2016 = 1).  

 

Ramet length positively influenced the probability that the ramet was reproductive (Figure 

A.2 and bootstrap confidence intervals presented in Table A.2 The estimated threshold size 

of this state change, defined as the size at which 50% of the ramets are reproductive 

(producing ≥ 1 capitula) was 29.6 cm for 2015 and 32.5 cm for 2016 (Figure A.2).  
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Figure A.2 Reproductive state of Senecio triangularis ramets depended on ramet length at 
Big Lake in Western Oregon. The vertical dashed grey line represents the threshold size of 
this state change, defined as the size at which 50% of the ramets (horizontal dashed line) 
are reproductive (producing ≥ 1 capitula). The relationship is shown for 2015 with a solid 
black line and for 2016 with a dashed line. Shaded regions indicate 95% confidence bands 
of the regression lines from bootstrap percentile intervals. 
 

 

Table A.2 95% bootstrap confidence intervals of Senecio triangularis ramet 
demographics at Big Lake in Western Oregon in 2015 and 2016. Model 
parameterization specified in Table A.1. 

 

 Normal-theory Basic bootstrap 
percentile Bootstrap percentile BCa

† 

β16 
β17 
β18 

-10.392 
0.1941 
-2.135 

-6.838 
0.2866 
-0.714 

-10.168 
0.1878 
-2.124 

-6.636 
0.2801 
-0.688 

-9.076 
0.1676 
-1.436 

-5.544 
0.2598 
0.000 

-12.061 
0.1968 
-2.167 

-6.893 
0.3269 
-0.713 

β19 
β20 
β21 

-0.8902 
0.0352 
-0.4078 

-0.5142 
0.0417 
-0.2476 

-0.8962 
0.0353 
-0.4075 

-0.5207 
0.0418 
-0.2486 

-0.5396 
0.0291 
-0.4191 

-0.1640 
0.0356 
-0.2602 

-0.6796 
0.0353 
-0.4080 

-0.5206 
0.0380 
-0.2494 

† BCa = Bias-corrected accelerated percentile intervals 
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Once a ramet was reproductive, ramet length positively influenced the log number of 

capitula produced (Figure A.3). For every 10 cm increase in ramet lengths, ramets 

produced 33.01% more capitula (bootstrap confidence intervals presented in Table A.2). 

Year also impacted the log number of capitula produced. On average ramets in year 2016, 

produced an estimated 28.82% fewer capitula than in 2015 (bootstrap confidence intervals 

presented in Table A.2) (Figure A.3).  

 

 

Figure A.3 Reproductive output of reproductive Senecio triangularis ramets depended on 
ramet length at Big Lake in Western Oregon. The relationship is shown for 2015 with a 
solid black line and for 2016 with a dashed line. Shaded regions indicate 95% confidence 
bands of the regression lines from bootstrap percentile intervals. 
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Appendix C: Observational study near First Creek, Oregon 

We conducted a companion study to results presented in Chapter 2 of this thesis on marked 

genets of Senecio triangularis between the years of 2009-2010 near First Creek, Oregon in 

the Mount Jefferson Wilderness (44.46566, -121.820251). In each year we collected data 

on plant parameters and intensity of herbivory by cinnabar moth larvae on twenty-nine 

marked S. triangularis genets. Unlike in our experiment, no genets suffered mortality 

between 2009 and 2010.  

We fit a general linear model to test the effect of the intensity of herbivory (percent leaf 

area removed) in year t on genet growth and reproduction in year t+1. We defined growth 

as the log change (Sizet+1/Sizet) of the total length of all ramets in the genet in cm and 

reproductive output as the log change (Nt+1/Nt) of number of capitula per genet. The 

influence of intensity of herbivory (percent leaf area removed) in year t was evaluated with 

an extra sum of squares F-test. For model parameterization and estimates see Table A.3 

Table A.3 Model parameterization and estimates of Senecio triangularis risk to Tyria 
jacobaeae herbivory in 2009 near First Creek in Western Oregon. 

 

Response Model parameterization† N  Estimate Std. 
Error 

P-
value  

Growth ln(Sizet+1/Sizet) = β22+ β23LAR  29 β22 
β23 

0.0486 
-0.0051 

0.1196 
0.0021 

0.687 
0.023 

 
*** 

Reproduction ln(Nt+1/Nt) = β24 + β25LAR  25 β24 
β25 

-0.1473 
-0.0069 

0.2692 
0.0050 

0.590 
0.179  

† Variables: LAR = continuous variable for % leaf area removed of genet in year t  
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In 2010 genets were, as a whole, about the same size they were in 2009, and genets that 

did not have herbivory damage in 2009 were on average 4.98% (95% CI: 34.17% larger to 

17.85% smaller) larger in 2010 than their size in 2009. However, there was a statistically 

significant negative effect of increasing intensity of herbivory in year t on the change in 

genet size (extra sum of square F-test, p-value = 0.023). For every 10% increase in % leaf 

area removed in year t, genets in year t+1 were 4.95% (95% CI: 0.78% - 9.00%) smaller 

than they were in year t (Figure A.4). 

In 2010 genets were, as a whole, as reproductive as they were in 2009, and genets that did 

not experience herbivory damage in 2009 produced on average 13.69% (95% CI: 50.63% 

more to 50.55% fewer) fewer capitula in 2010 than they did in 2009. There was no 

detectable statistically significant effect of increasing herbivory in year t on genet 

reproduction in year t+1 (extra sum of square F-test, p-value = 0.18) (Figure A.5). 
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Figure A.4 Senecio triangularis growth in year t+1 was significantly reduced with 
increasing intensity (% leaf area removed) of Tyria jacobaeae herbivory in year t near First 
Creek in Western Oregon. Shaded regions indicate 95% confidence bands of the regression 
lines, and the gray dashed line at 0.0 indicates no change. 

 

 

Figure A.5 Senecio triangularis reproduction was not significantly influenced by 
increasing intensity (% leaf area removed) of Tyria jacobaeae herbivory near First Creek 
in Western Oregon. Shaded regions indicate 95% confidence bands of the regression lines, 
and the gray dashed line at 0.0 indicates no change. 
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