
54 
 

calculated using the number of hosts, collected in the field as pupae, from which one or 

the other pupal parasitoid emerged as an adult.  This number was divided by the number 

of field-collected pupae from which an adult moth or an adult of either pupal parasitoid 

species emerged.  Pupae that failed to yield either moth or parasitoid adults were not 

included in estimating rates of pupal parasitism.  The overall rate of parasitism for a moth 

population was calculated as [1 - (the proportion of larvae escaping parasitism × the 

proportion of pupae escaping parasitism)].   

 

Species richness of floral resources 

 

All flowering plants in bloom (i.e., including both the understory herbaceous flora 

and flowering shrubs [e.g. Utah serviceberry, Amelanchier utahensis Koehne; 

chokecherry Prunus virginiana L.; elderberry, Sambucus glauca Nutt.]) were sampled 

weekly from May through mid-July at each study site in 2008 and 2009.  They were 

sampled also for five weeks from mid-June through mid-July 2010 and 2011 (i.e., the 

five-week period during which parasitoid adults were likely active at the study sites).  

Floral species richness was measured as the number of nectar-producing plant species 

(primarily forbs and shrubs) that were found in flower at each site during each weekly 

survey.  At each site, all such species occurring within the 50 × 100 m marked plot were 

recorded.  An overall weekly mean for flowering species richness was calculated for each 

year at each study site. 

In 2009, more detailed measurements of the floral understory community were 

taken at a limited number of sites to confirm the accuracy of whole plot visual estimates 

of floral species richness.  Sites that had been censused in 2008 were selected based on 
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their elevations and accessibility by foot (i.e., they were located within 5 km of paved 

road), as June rains in 2009 made dirt ‘roads’ used by motor vehicle prone to washout.  

Of the ten plots selected for these detailed floral censuses, three were ‘lower’ elevation 

sites (~1615-1740 m), four were ‘mid’ elevations sites (~1745-1860 m), and three were 

‘high’ elevation sites (~1968-2050 m).  Measurements were taken along four random 50 

m transects through each of these 10 permanent plots.  The total number of species that 

were blooming within 0.5 m of the four transects combined in each of the 10 plots was 

determined.  All measurements were taken during the first week and last week of June 

(two transects were censused at each plot during each of the two sampling periods).  

Total species richness along the transects in the plots was confirmed as positively 

correlated with whole plot flowering species richness estimates (r = 0.75, df = 9, P < 

0.0001).  Voucher specimens were collected in the field and later identified using the 

Intermountain Herbarium, Utah State University, Logan, UT (see Appendix A Table A-1 

for floral species identification).  

Field experiment I (sugar provisioning) 

In an initial experiment 12 plots, each 7×7 m, with 50 m between adjacent plots, 

were paired in a 6×2 grid across several hectares on a hillside at mid-elevation 

(approximately 1880-1920 m) at Henefer-Echo WMA.  One plot of each pair was 

randomly chosen to be sprayed with sugar once weekly during the summer of 2009; the 

other plot served as a control.  Spraying began on 2 July, when the majority of 

individuals of the Aroga moth had entered the final larval instar.  Spraying ended on 7 

August, approximately one week after pupal parasitoid emergence was estimated to have 
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occurred in the field, as based on such emergence among laboratory reared individuals 

and field collection at nearby sites.  Sugar plots were sprayed on each occasion with 1 L 

per plot of a fine mist of sugar spray (150 g sucrose/1 L water) using a hand pump spray 

(Evans and Richards 1997).  Control plots were sprayed similarly with 1 L of water.  All 

vegetation within each plot, including grasses and understory forbs as well as sagebrush, 

was sprayed.  

Larvae and pupae of the Aroga moth in the plots were left undisturbed in 2009; 

collection of moth larvae and pupae from the plots was postponed until the summer of 

2010.  This maximized the number of moths emerging in the plots to lay eggs during late 

summer, which in turn maximized the number of moth eggs in the plot available for 

parasitism by Copidosoma as occurred in late summer.  This parasitism becomes 

apparent and can be scored the following summer once host larvae become fifth instars 

(at which time, host larval development is terminated as Copidisoma pupates inside the 

host and emerges as an adult).  The experiment was designed to test whether sugar 

provision might enhance adult numbers and persistence of the generalist Copidisoma 

during the summer within treated plots (e.g., by promoting survival), thus enabling this 

parasitoid to attack greater percentages of Aroga moth eggs in late summer when the eggs 

became available.  

Moth pupae parasitized by Phaeogenes and Conura in the plots in 2009 yielded 

adults of these wasp species that potentially could remain in the local area to parasitize 

the next generation of moth pupae.  Pupal parasitism in 2010 might therefore be higher in 
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plots sprayed with sugar versus only with water in 2009 if these pupal parasitoids 

attacked the host especially intensively in sugar sprayed plots in 2009. 

   In 2010, both larvae (as fourth and fifth instars) and pupae of the Aroga moth 

were collected on three occasions (23, 28 July and 5 August) from the plots.  Larvae were 

reared in the lab (as described above) to score for parasitism by Copidosoma, and pupae 

were held to score for parasitism by Phaeogenes and Conura.  Percent parasitism and 

parasitoid diversity were then calculated for individual experimental plots.   

Field experiment II (addition of floral nectar and MeSA lures) 

In a second experiment, two treatments (addition of flowering plants [common 

buckwheat, Fagopyrium esculentum], and provisioning with lures of Methyl Salicylate 

[MeSA; Predalure), were applied in 2×2 factorial fashion to plots across the landscape 

in a randomized design during June-August 2010.  Common buckwheat is used 

frequently to provide floral nectar in field experiments (Heimpel and Jervis 2005, Lee 

and Heimpel 2005) because it matures quickly from seed to the flowering stage and 

because its nectar is readily accessible to parasitoids (Patt et al. 1997).  MeSA, also 

known as oil of wintergreen, is a volatile chemical synthesized by a number of plants 

when infested with herbivores; it may function as an herbivore induced plant volatile 

(HIPV) or airborne signal that attracts parasitoids to such plants (Kessler and Baldwin 

2001, Lee 2010).  Floral nectar (as provided by buckwheat) and MeSA represent two 

very different resources that can influence where parasitoids choose to forage in a habitat.  

Each of the four combinations of the two treatments (including the control 

without either treatment) was applied to a randomly selected 20×20 m (400 m2) plot for a 
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total of 20 plots dispersed over several hectares within a relatively narrow range of 1850-

1950 m in elevation, with adjacent plots 100 m apart.  Plots assigned as control plots 

were left undisturbed.   

In plots assigned to receive buckwheat (with or without MeSA), 18 flowering 

buckwheat plants (growing as groups of three in each of six 9.58 liter pots) were placed 

in the center of each plot on June 30.  These plants were replaced every other day through 

August 5.  Each set of six pots of potted buckwheat plants was arranged in 2×3 fashion 

with adjacent pots within 15 cm of each other.  The pots were set in a shallow pit (15 cm 

deep) to prevent the wind from knocking them over.  The potted-plants were grown in the 

greenhouse, and were placed in the field once they had begun flowering profusely 

approximately 4 weeks after seeding.   

In plots designated to receive MeSA (with or without buckwheat added), the lures 

were attached initially (on 30 June) to a wooden post in the center of the plot.  In 

response to disturbance from animals at the site, the lures were relocated subsequently 

and attached instead to the interior of the sagebrush plant nearest to the center of the plot.  

Lures were replaced every 2.5 weeks.   

Host pupae were collected twice from all plots, on 28 July and 5 August 2010. 

They were reared in the lab to score for parasitism by Phaeogenes and Conura as 

described above.   
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Data analyses 

Data analyses were performed using SAS 9.3 (SAS Institute 2011).  Model 

residuals were tested for adherence to a normal distribution and homogeneity of variances 

and response variables were transformed when necessary. 

Rates of parasitism at individual sites by individual species of parasitoids, and by 

all species combined, were tested for correlation with local host density in a given year 

(as measured when the area-wide density of Aroga moth larvae peaked each year), and 

with local host density in the previous year (to test for possible lag effect).  Associations 

of rates of parasitism by different parasitoids at individual sites in individual years were 

tested also by correlation.   

The effects of elevation and local floral species richness on parasitism by 

individual parasitoid species, and by all species combined, were examined among years 

by ANCOVA (Type III sums of squares).  ANCOVA was applied similarly to examine 

the effects among years of parasitoid species richness on parasitism by all parasitoid 

species combined.  The rates of parasitism by larval (Copidisoma) and pupal 

(Phaeogenes and Conura) parasitoids, both individually and combined, were arcsine 

transformed prior to the analyses to meet assumptions of parametric tests.  For each 

analysis, ANCOVA was carried out first by including in the model the interaction 

between year and elevation, floral species richness, or parasitoid species richness.  In all 

cases except for the interaction of elevation and year for parasitism by Phaeogenes, the 

interaction term was not significant (P > 0.05).  Therefore, in all cases with this one 

exception, the data were analyzed again by ANCOVA with the interaction term removed 
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from the model; the results are given below.  In the single case of parasitism by 

Phaeogenes the significant interaction of the effects of elevation and year was retained in 

the model (McDonald 2009) and individual slopes for each year of the study were fit to 

describe the relationship between rate of parasitism and elevation.    

The effect of elevation on floral richness (square-root transformed) across years 

was tested using similar ANCOVA procedures.  Thus, a model was fit first by including 

the interaction of elevation with year.  Because this interaction proved to be not 

significant, a second ANCOVA was applied with the interaction term removed, and the 

results of this second analysis are presented below. 

Analyses by multiple regression for the full set of study sites were conducted to 

examine in a single model the effects on rates of parasitism of elevation and local floral 

species richness, which were highly correlated with each other.  The analyses did not 

isolate a significant effect of floral species richness on patterns of parasitism beyond the 

effect that could be accounted for by elevation.  To address the confounding influence of 

elevation on floral species richness, simple linear regressions were conducted for a subset 

of study sites over a narrower range of elevation.  In particular, the dependence of local 

floral species richness and rates of parasitism on elevation was assessed with restriction 

to only the seven mid-to-high elevation sites that were sampled intensively for floral 

species richness in 2009.  Additionally, simple linear regressions were conducted to 

assess the dependence of rates of parasitism on local floral species richness at these seven 

sites.    
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For the results of the first field experiment, the percent parasitism of larval and 

pupal hosts was compared by paired TTEST (following arcsine transformation) for sugar 

sprayed versus paired control plots.  It was hypothesized that parasitism by each of the 

three parasitoid species would be increased) by the provision of sugar.  Sufficient 

numbers of pupae (a minimum of eight per plot) to determine the rate of parasitism were 

collected from four pairs of plots, and only these four pairs of plots were compared by 

paired TTESTs for parasitism of both pupal parasitoids combined, and for the three 

species (Copidisoma, Phaeogenes, and Conura) individually.    

To analyze the differences in parasitism among treatments in the second field 

experiment, mean percent parasitism was compared among treatment groups using a two-

way ANOVA (Proc GLM), after percent parasitism was arcsine transformed.  Only 17 of 

the original 20 plots were included in analyses, as three sites (one plot each with flowers 

or MeSA added, and one plot with both flowers and MeSA added) failed to yield the 

minimum number of required pupae (i.e., eight pupae).  As this study addressed only 

pupal parasitism as measured in the same year that the treatments were applied (2010), 

the effects of different treatment combinations (No Flower, No MeSA; No Flower, 

MeSA; Flower, No MeSA; and Flower, MeSA) were tested for the responses of the pupal 

parasitoids Phaeogenes and Conura together and individually. 

 

 

 

 

 

 

 

 



62 
 

RESULTS 

 

 

Yearly patterns of parasitoid abundance 

 

The Aroga moth was moderately abundant throughout the Henefer-Echo WMA in 

2008 when the study began, and became very abundant in 2009 before dropping to low 

levels thereafter (Table 3.1; see also Chapter 2).  Adults of moths and parasitoids were 

reared from nearly 2300 field-collected larvae and pupae during 2008-2011, with the 

majority collected in 2008 and 2009.  The two generalist parasitoids, Copidisoma and 

Conura, and the specialist Phaeogenes accounted together for ~99% of moth parasitism 

in 2008 and 2009.  In 2010 (with greatly reduced sample size), additional parasitoid 

species played a greater, but still relatively minor, role (Table 3.1).  The population of the 

Aroga moth had reached such low numbers by 2011 that only one of the 38 study sites 

yielded enough individuals to estimate parasitism and only the three major parasitoid 

species were recorded.  

The overall yearly rate of parasitism of the Aroga moth across the Henefer-Echo 

WMA (i.e., the yearly mean rate of parasitism among study sites) was high throughout 

2008-2011.  It increased from nearly half of individuals parasitized in 2008 to nearly 

three-quarters of individuals parasitized in 2010, before dropping slightly in 2011.  The 

larval parasitoid Copidisoma accounted for the majority of parasitism in each year.  Its 

rate of parasitism was especially high in 2010 (52%), almost doubling that in 2008-2009.  

Pupal parasitism by Phaeogenes was greater than by Conura in 2008-2010 (especially so 

in 2009-2010, during which the rate of parasitism by Phaeogenes increased markedly 
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from 2008).  However, at the single site from which moths could be collected in 

sufficient number in 2011, pupal parasitism by Conura was much higher than pupal 

parasitism by Phaeogenes (Table 3.1).  

 

Parasitoid responses to factors varying naturally over space 

 

 

Host density.  Parasitism (both by individual species and by all species combined) 

varied greatly from site to site during 2008-2010.  However, it was neither clearly nor 

consistently related to local host density.  The overall rate of parasitism (i.e., parasitism 

by all species combined) was not correlated with peak host density at individual sites 

during the years of observation: 2008-2010 (P > 0.70 in all cases).  Similar results were 

obtained for each of the three major species of parasitoids considered individually during 

2008-2010 (P > 0.05 in all cases).  There was no evidence for lag-effects wherein the rate 

of parasitism at a site was positively correlated with the density of the host in the 

previous year (P > 0.05 in all cases for comparisons between the same field sites 

successive years).  

Spatial associations among parasitoid species.  In 2009, when large numbers of 

Aroga moth were present throughout the Henefer-Echo WMA, the rate of parasitism by 

pupal parasitoids (Conura and Phaeogenes combined) was positively correlated with the 

rate of larval parasitism by Copidisoma among individual sites when both larval and 

pupal parasitoids were present (r = 0.50, df = 14, P = 0.05).  In other years when fewer 

larvae of the Aroga moth were present throughout the area, rates of larval and pupal 

parasitism were not correlated with each other (2008: r = 0.02, df = 25, P = 0.90; 2010:  
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r = 0.31, df = 5, P = 0.50).  In both 2008 and 2009, the rates of parasitism by the two 

species of pupal parasitoids (Conura and Phaeogenes) were negatively correlated with 

each other among individual sites (2008: r = -0.47, df = 18, P < 0.05; 2009: r = - 0.67,  

df = 14, P < 0.01).  The correlation was also negative in 2010 among the relatively few 

sites sampled that year, but not significantly so (r = -0.54, df = 5, P = 0.21). 

Elevation.  The study sites spanned a large range in elevation throughout the 

Henefer-Echo WMA.  All three major species of parasitoids contributed significantly to 

parasitism of the defoliator throughout the general area (Table 3.1).  They differed, 

however, in the intensities with which they attacked the host along the elevation gradient 

(Fig. 3.1).  The larval parasitoid Copidisoma was present at all elevations.  The 

percentage parasitism by this species, however, tended to be higher at higher elevations 

(Fig. 1a; ANCOVA, effect of elevation: F1, 57 = 14.64, P < 0.001; effect of year:  

F2, 57 = 11.37, P < 0.0001).  The intensity of pupal parasitism by Phaeogenes and Conura 

varied in opposite pattern to each other across elevation gradients.  Greatest rates of 

Phaeogenes parasitism occurred at high elevations (Fig. 3.1b showing regression lines 

with varying slope; ANCOVA, effect of elevation: F1, 46 = 17.97, P = 0.0001; effect of 

year: F2, 46 = 5.15, P = 0.0098; interaction of elevation x year: F2, 46 = 6.35, p = 0.0038).  

Highest rates of Conura parasitism in contrast occurred at low elevations (Fig. 3.1c; 

ANCOVA, effect of elevation: F1, 46 = 23.78, P < 0.0001; effect of year: F2, 46 = 2.57,  

P = 0.09).  Combining the impact of all three species, the overall rate of parasitism of 

Aroga increased as elevation increased (Fig. 3.1d).  There were significant differences in 

rates among years, with greatest rates of parasitism at any given elevation occurring in 
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2010 and lowest rates in 2008 (ANCOVA, effect of elevation: F1, 46 = 13.93, P = 0.0005; 

effect of year: F2, 46 = 13.51, P < 0.0001). 

Floral species richness.  In all years of the study, floral species richness at 

individual sites was greater at higher than at lower elevations (Fig. 3.2; ANCOVA, effect 

of elevation: F1, 148 = 112.32, P < 0.0001; effect of year: F3, 148 = 17.12, P < 0.0001).  

Associations of larval and pupal parasitism with floral species richness among study sites 

were therefore similar to those of parasitism with elevation.  

The rate of parasitism by Copidisoma increased with increasing floral species 

richness at individual sites (Appendix Fig. B-1a; ANCOVA, effect of floral richness:  

F1, 57  = 5.76, P = 0.02; effect of year: F2, 57 = 12.07, P < 0.0001).  The rate of parasitism 

by Phaeogenes also increased with increasing floral species richness (Fig. B-1b; 

ANCOVA, effect of floral richness: F1, 46 = 6.88, P = 0.01; effect of year: F2,46 = 1.80,  

P = 0.18).  The rate of parasitism by Conura decreased with increasing floral species 

richness (Fig. B-1c; ANCOVA, effect of floral richness: F1, 46 = 6.55, P = 0.01; effect of 

year: F2, 46 = 3.78, P = 0.03).  The overall rate of parasitism (i.e., the combined rates of 

the three major species) tended to increase (but not significantly so) with increasing floral 

species richness at individual sites (Fig. B-1d; ANCOVA, effect of floral richness:  

F1, 46 = 3.05, P = 0.09; effect of year: F2, 46  = 5.25, P = 0.009).  

The seven mid-to-high elevation sites that were sampled intensively for floral 

richness in 2009 supported particularly high numbers of the parasitoids Copidisoma.and 

Phaeogenes.  In contrast to results for floral richness across the elevations spanned by the 

full set of 38 plots, floral richness did not increase with elevation within this restricted set 
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of seven sites (R2 = 0.22, df = 5, P = 0.28).  Rates of parasitism also did not vary 

significantly with elevation within this restricted set of sites for either Copidisoma  

(R2  = 0.33, df = 5, P = 0.18) or Phaeogenes (R2 = 0.36, df = 5, P = 0.15), or for overall 

parasitism by the two parasitoid species combined (R2 = 0.38, df = 5, P = 0.14).  Overall 

parasitism by these two species combined, however, did increase strongly with floral 

species richness among these sites (Fig. 3.3; R2 = 0.64, df = 5, P = 0.03); similar results 

were apparent for single species rates of parasitism by Copidisoma (R2 = 0.51, df = 5,  

P = 0.07) and Phaeogenes (R2 = 0.59, df = 5, P = 0.04). 

Parasitoid responses to experimental treatments 

Field experiment I.  The rate of larval parasitism by Copidisoma in 2010 did not 

differ between plots sprayed with sugar the previous year (in 2009) or sprayed with water 

as controls (Fig. 3.4; paired TTEST, t = 0.58, df = 5, P = 0.59).  In contrast, more pupal 

parasitism occurred in 2010 in plots that had been sprayed with sugar in 2009 than in 

control plots (Fig. 3.4; paired TTEST, Phaeogenes + Conura, t = -5.19, df = 3, P = 0.01; 

Phaeogenes, t = -7.27, df = 3, P = 0.005; Conura, t = -2.25, df = 3, P = 0.10).  

Field experiment II.  An interaction occurred in the responses of the pupal 

parasitoids as a group (Phaeogenes and Conura combined) to experimental treatments 

(addition of experimental flowers and/or MeSA; two-way ANOVA: flower, P = 0.02; 

MeSA, P = 0.6437; and flower×MeSA, P = 0.05).  Pupal parasitism increased when 

experimental flowers were added, but only when MeSA was absent.  When MeSA was 

added, the overall pattern was weak, with combined pupal parasitism tending to increase 

when experimental flowers were absent, but decrease when flowers were added.  
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Parasitism by Phaeogenes in particular increased strongly when experimental flowers 

were added especially when MeSA was absent yet to some degree also (though less 

strongly so) when it was added (Fig. 3.5).  Parasitism by Phaeogenes did not increase 

when MeSA was added (two-way ANOVA: flower, P = 0.01; MeSA, P = 0.40; and 

flower×MeSA, P = 0.28).  Parasitism by Conura, in contrast, was not affected clearly by 

the addition of flowers, but did increase with the addition of MeSA, especially in the 

absence of experimental flowers (Fig. 3.5; two-way ANOVA: flower, P = 0.75; MeSA,  

P = 0.01; and flower×MeSA, P = 0.04). 

Effects of parasitoid richness on overall parasitism 

The three parasitoids differed widely from each other in the degree to which they 

parasitized the Aroga moth at individual sites.  Indeed, at nearly one fifth of all sites 

sampled in all years, only a single species of parasitoid was responsible for the parasitism 

recorded: Copidisoma was the sole parasitoid recorded at 10% of all site-years, while 

Phaeogenes and Conura were the sole parasitoid recorded at 6% and 2%, respectively, of 

all site-years. 

The overall rate of parasitism at an individual study site increased with the species 

richness of major parasitoids at that site (that is, with the occurrence of one, two, or all 

three of the major parasitoid species) (Fig. 3.6).  The positive effect of parasitoid species 

richness was consistent among years (2008-2010) while the overall rate of parasitism 

varied among years (ANCOVA, effect of richness: F1,46 = 35.56, P < 0.0001; effect of 

year: F2,46 = 7.41, P = 0.0004).  Results were similar when all parasitoid species were 

considered (i.e., including parasitoid species present in very low numbers, with up to five 
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species in total co-occurring at an individual site in a given year; ANCOVA, effect of 

parasitoid richness: F1,45 = 17.96, P < 0.0001; effect of year: F2,44 = 7.80, P = 0.0003; 

richness × year F2,43 = 1.40, P = NS).  

Among the species of parasitoids reared from the Aroga moth in this study, only 

one is known to be a hyperparasitoid.  This species (Zatropis sp.) was found only in the 

experiment II plots (with buckwheat and MeSA) in samples taken in 2010; it did not 

occur in samples from unaltered, long-term field plots in any of the years of the study.  

Hyperparasitism by Zatropis accounted for up to 12% of the parasitism recorded in 2010 

in individual plots in experiment II.   

 

DISCUSSION 

 

 

Parasitism of the Aroga moth by multiple species 

 

 

 There has been great interest recently in the importance of parasitoid diversity in 

promoting high rates of parasitism of insect herbivores (e.g., Tylianakis et al. 2006, 

Veddeler et al. 2010).  In this field study, three species of parasitoids attacked the 

immature stages of the Aroga moth with considerable intensity in each year of the study.  

Each of these three species responded in its own way to the varying resource of local 

Aroga moth populations across the large expanse of sagebrush habitat encompassed by 

the Henefer-Echo WMA. 

None of the three species responded to local host density in their rates of attack.  

The overall rate of parasitism from all three species combined also was consistently 

independent of local host density in each year of the study.  In contrast, rates of 
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parasitism were strongly correlated with another spatially varying attribute associated 

with local moth populations, elevation.  Previous studies of parasitoids have identified 

elevation as a key factor influencing rates of parasitism (e.g., Hodkinson 2005, Moya-

Raygoza et al. 2012).  At Henefer-Echo WMA, the rates of parasitism by the larval 

parasitoid Copidisoma and the pupal parasitoid Phaeogenes increased with elevation, 

while the rate of parasitism by the pupal parasitoid Conura decreased. 

The negative correlation between local rates of parasitism of the two pupal 

parasitoids across the elevation gradient could reflect interspecific competition for hosts 

between them (e.g., Bogran et al. 2002).  However, it may also simply reflect that the two 

species differ in their abilities to thrive under the different conditions associated with low 

versus high elevation (e.g., Hodkinson 2005).  Certainly, interspecific competition and 

habitat preference are not necessarily mutually exclusive (e.g., Takasu et al. 1998).  

Further studies are needed to distinguish between these two possibilities. 

The increase in rates of parasitism with elevation by both Phaeogenes and 

Copidisoma may also reflect the importance of the floral community of the sagebrush 

understory.  The species richness of this community increased with elevation.  Flowering 

plants are often critical resources for adult parasitoids in providing carbohydrate food in 

the form of nectar (e.g., Fiedler and Landis 2007, Issacs et al. 2008).  The availability of 

nectar to parasitoids may have increased with increasing floral species richness (and 

hence also with elevation) among the study sites.  This hypothesis is supported by the 

positive relationship between floral species richness and parasitism among mid-to-high 

http://apps.webofknowledge.com.dist.lib.usu.edu/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&colName=WOS&SID=4AJN31NKHKiaK6K@4bL&field=AU&value=Moya-Raygoza,%20G
http://apps.webofknowledge.com.dist.lib.usu.edu/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&colName=WOS&SID=4AJN31NKHKiaK6K@4bL&field=AU&value=Moya-Raygoza,%20G
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elevation sites (among which no relationship was detected between elevation and 

parasitism). 

The results of the field experiments also support the hypothesis that the local 

availability of floral nectar promotes parasitism of the Aroga moth by Phaeogenes.  Thus 

the rate of parasitism by Phaeogenes was increased significantly by the application of 

sugar in the first experiment, and by the provision of flowering buckwheat in the second 

experiment.  A similar increase in the rate of parasitism by Copidisoma was not observed 

with these experimental treatments.  But whereas the treatments were applied at the time 

during the summer when Phaeogenes was laying its eggs, this was not the case for 

Copidisoma, which lays its eggs later in the summer (in the eggs of the host).  This may 

account for the ineffectiveness of the experimental treatments in regard to parasitism by 

Copidisoma. 

Parasitism by the pupal parasitoid Conura was not positively associated with local 

floral species richness of the sagebrush understory, and indeed was greatest at low 

elevations where such floral richness was often low.  Consistent with this result, Conura 

responded less strongly than did Phaeogenes to additions of sugar and flowers in 

experimental plots.  In contrast, Conura showed a stronger response to MeSA than did 

Phaeogenes.  MeSA is a volatile released by many plants when under attack by insect 

herbivores and can serve as a signal in triggering induced defenses in plants (Ozawa et al. 

2000, Chen et al. 2003, Schiestl 2010).  The response of Conura to MeSA may indicate 

that the generalist Conura is more strongly influenced in its foraging behavior by volatile 

chemical cues from host plants signaling the presence of insect herbivores.  While this 
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hypothesis requires further testing, the results of the field experiments more generally 

reinforce those of the field censuses in indicating that the three parasitoid species differed 

in their responses to cues and other spatial attributes in attacking local populations of the 

Aroga moth. 

The co-occurrence of the three parasitoids in attacking moth populations resulted 

in greater overall parasitism locally.  This, combined with the fact that the three species 

differed in their presence and relative rates of attack among local moth populations (e.g., 

as associated with differing elevation), resulted in greater parasitism of the Aroga moth 

across Henefer-Echo WMA as a whole, as the net outcome of their combined use of the 

host.  Interest in the potential benefits of biodiversity as applied to natural enemies and 

biological control of insect herbivores (e.g., pest insects) is often tied to the concept of 

complementarity.  This is the concept that niche differences among natural enemies will 

promote their differential use of a shared host over space and time, such that their 

collective activities will result in greater overall mortality of the herbivore (Cardinale et 

al. 2002, 2003, 2006; Perfecto et al. 2004, Snyder et al. 2005, Letourneau et al. 2009).    

While complementarity is far from inevitable as the outcome of interactions of 

natural enemies that compete for a shared host, it is reflected in this study in which the 

overall rate of parasitism of a local moth population increased with increasing species 

richness of the parasitoid guild.  Similar results have been reported previously in other 

field studies in which multiple species of parasitoids have been released for biological 

control of insect pests (Dorn et al. 1999, Kirk et al. 2000, Brewer and Larkan 2005).  

Thus, the degree to which the parasitoids in the present study may have interfered with 
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each other (e.g., through competition) or simply substituted for each other (e.g., in 

inflicting compensatory host mortality) was outweighed by their independent, 

complementary contributions to overall mortality. 

 

Comparison with other studies of Aroga moth parasitism 

 

 

 Overall rates of parasitism of the Aroga moth at Henefer-Echo WMA were high 

throughout the study.  This contrasts strongly with results from a previous intensive study 

of sagebrush defoliation by the Aroga moth.  That study commenced in the 1970s at a 

highly disturbed site in Curlew Valley, ID, where the understory vegetation was 

dominated by cheatgrass, B. tectorum (Hsiao 1984).  The Aroga moth experienced much 

lower rates of parasitism (less than 10 percent parasitism) than in the present study, in 4 

of the 5 years (1971-1975) that the area was surveyed (Temte 1977).  While the major 

parasitoids we describe here were present at the Curlew Valley sites, they were much less 

prominent (Copidisoma accounted for only 0.7 - 5.5% mortality).  However, previous 

studies in natural sagebrush steppe (Henry 1961, Hall 1965, Fillmore 1965) found the 

three major species of parasitoids present at our studies to have rates of incidence similar 

to those reported here, with Copidisoma being the most abundant followed by 

Phaeogenes and then Conura (these studies were conducted in Idaho and northern 

California).  The contrast in habitat characteristics and rates of parasitism particularly 

between the Curlew Valley and Henefer-Echo studies, combined with results among 

study sites and experimental plots in the present study, suggest the potential importance 
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of species rich floral understory communities of sagebrush in promoting Aroga moth 

parasitism. 

 

Potential effects of grazing on parasitism of Aroga moth 

 

 

There was a strong elevational gradient in floral understory species richness 

associated with sagebrush stands at Henefer-Echo WMA.  Agricultural use (grazing) of 

the area may be responsible for this pattern, with consequences for parasitism of the 

Aroga moth.  The diversity of sagebrush-steppe plant communities is at risk from the 

intensification of grazing (Mack 1986, Billings 1990, Whisenant 1990).  These 

communities evolved with few large herbivores; use of these plant communities by 

domestic livestock is considered a deviation from the historical disturbance regime 

(Mack and Thompson 1982, Davies et al. 2009).  With European settlement of western 

North America, large numbers of cattle and sheep were introduced in the mid-to-late 

1800s (Oliphant 1968).  These herbivores joined the Aroga moth in greatly affecting the 

sagebrush-steppe vegetation (Adler et al. 2001, 2005; Davies et al. 2009).  It is estimated 

that over 40% of the current area of sagebrush is at moderate to high risk of displacement 

by B. tectorum in the next 30 years (Suring et al. 2005).  

Cattle grazing often results in drastic alterations and reduced forb diversity in 

herbaceous understory plant communities (Milchunas and Lauenroth 1993, Jones 2000, 

Foley et al. 2005).  It is well documented that cattle graze heavily in areas nearest 

watering troughs and natural bodies of water (e.g., ponds) in sagebrush-steppe as well as 

in other systems (e.g., Putfarken et al. 2008).  Bailey (2005) emphasized that water is the 
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most critical component of livestock habitat and one of the most important factors 

determining the selection of feeding places by herbivores is the reduction of traveling 

distance to water (Bailey et al. 2004).  To support annual grazing at Henefer-Echo WMA, 

permanent cattle troughs have been placed at the most accessible locations in the lowest 

elevations.  Thus, just as species richness of the floral understory increased with elevation 

among the study sites, so too did it increase with distance from the nearest cattle trough 

(Appendix Fig. C-1).  Future studies hence should address whether the altitudinal 

gradient in understory floral species richness arises from grazing. 

Through their impact on the flowering vegetation (and ultimately on parasitoids), 

cattle and sheep could influence the population dynamics of the Aroga moth indirectly.  

The potential indirect influence of grazing on Aroga moth abundance highlights the 

potentially adverse effects of habitat alteration on biodiversity at multiple levels within 

food webs.  The intensification of agriculture (including grazing) is a major disturbance 

and driver of biodiversity loss and related decline in ecosystem functioning (Foley et al. 

2005, Gagic et al. 2012, Tscharntke et al. 2012).  Loss of biodiversity associated with the 

intensification of agriculture can adversely affect food web interactions and related 

ecosystem services such as biological control (Bianchi et al. 2006).  Adverse effects of 

agricultural intensification on food web interactions may unleash species such as the 

Aroga moth to erupt with both greater frequency and intensity.   

Concluding remarks 

The results of the present study indicate considerable potential for parasitoids, 

working as a diverse community of species acting in net complementary fashion, to limit 
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excessively severe outbreaks of the Aroga moth in sagebrush-steppe habitat such as that 

of Henefer-Echo WMA.  The results also suggest that promotion of a diverse community 

of understory flowering herbs, as part of the food web centered on the moth, will in turn 

promote parasitism.  Further studies of grazing in particular may indicate good 

management options for preserving and promoting such floral diversity, with the ultimate 

aim of managing the Aroga moth as a sometimes serious pest of sagebrush. 

 

LITERATURE CITED 

 

 

Adler, P., D. Raff, and W. Lauenroth. 2001. The effect of grazing on the spatial  

heterogeneity of vegetation. Oecologia 128: 465-479. 

Adler, P. B., D. G. Milchunas, O. E. Sala, I. C. Burke, and W. K. Lauenroth. 2005. Plant  

traits and ecosystem grazing effects: comparison of US sagebrush steppe and 

Patagonian dteppe. Ecological Applications 15: 774-792. 

Altieri, M. A. 1999. The ecological role of biodiversity in agroecosystems.Agriculture,  

Ecosystems & Environment 74: 19-31. 

Amarasekare, P. 2007. Trade-offs, temporal variation, and species coexistence in  

           communities with intraguild predation. Ecology 88: 2720-2728. 

Bailey, D. W. 2005. Identification and creation of optimum habitat conditions for  

livestock. Rangeland Ecology & Management 58: 109-118. 

Bailey, D. W., M. R. Keil, and L. R. Rittenhouse, 2004. Research observation: daily  

movement patterns of hill climbing and bottom dwelling cows. Rangeland 

Ecology & Management 57: 20-28. 



76 
 

Barnosky, A. D., N. Matzke, S. Tomiya, G. O. Wogan, B. Swartz, T. B. Quental, E. A.  

Ferrer, and C. Marshall. 2011. Has the Earth/'s sixth mass extinction already 

arrived? Nature 471: 51-57.   

Bellows, T. S., and T. W. Fisher. 1999. Handbook of Biological Control. Academic  

Press, San Diego, California, USA. 

Bianchi, F. J., C. J. Booij, and T. Tscharntke. 2006. Sustainable pest regulation in  

agricultural landscapes: a review on landscape composition, biodiversity and 

natural pest control. Proceedings of the Royal Society B: Biological Sciences 273: 

1715-1727. 

Billings, W. D. 1990. Bromus tectorum, a biotic cause of impoverishment in the Great  

Basin. Pages 301-322 in G. M. Woodell, editor. The earth in transition: patterns 

and processes of biotic impoverishment. Cambridge University Press, Cambridge, 

England. 

Bográn, C. E., K. M. Heinz, and M. A. Ciomperlik. 2002. Interspecific competition  

among insect parasitoids: field experiments with whiteflies as hosts in cotton. 

Ecology 83: 653-668. 

Borer, E. T., C. J. Briggs, W. W. Murdoch, and S. L. Swarbrick, 2003. Testing intraguild  

predation theory in a field system: does numerical dominance shift along a 

gradient of productivity?  Ecology Letters 6: 929-935. 

Brewer, M. T., and R. P. Larkin. 2005. Efficacy of several potential biocontrol organisms  

against Rhizoctonia solani on potato. Crop Protection 24: 939-950. 

Cardinale, B. J., M. A. Palmer, and S. L. Collins. 2002. Species diversity enhances  



77 
 

            ecosystem functioning through interspecific facilitation. Nature 415: 426-429. 

Cardinale, B. J., C. T. Harvey, K. Gross, and A. R. Ives. 2003. Biodiversity and  

biocontrol: emergent impacts of a multi-enemy assemblage on pest suppression 

and crop yield in an agroecosystem. Ecology Letters 6: 857-865. 

Cardinale B. J., D. S. Srivastava, J. E. Duffy, J. P. Wright, and A. L. Downing. 2006.  

Effects of biodiversity on the functioning of trophic groups and ecosystems. 

Nature 443: 989-92. 

Chapin, F. S, III., E S. Zavaleta, V. T. Eviner, R. L. Naylor, P. M. Vitousek, H. L  

Reynolds, D. U. Hooper, S. Lavore, O. E. Sala, S. H. Hobbie, M. C. Mack, and S. 

Diaz. 2000. Consequences of changing biodiversity.  Nature 405: 234-242. 

Chen, F., J. C. D'Auria, D. Tholl, J. R. Ross, J. Gershenzon, J. P. Noel, J. P., and E.  

Pichersky. 2003. An Arabidopsis thaliana gene for methylsalicylate biosynthesis, 

identified by a biochemical genomics approach, has a role in defense. The Plant 

Journal 36: 577-588. 

Davies, K. W., T. J. Svejcar, and J. D. Bates. 2009. Interaction of historical and  

nonhistorical disturbances maintains native plant communities. Ecological 

Applications 19: 1536-1545. 

Dorn, S., P. Schumacher, C. Abivardi, and R. Meyhöfer. 1999. Global and regional pest  

insects and their antagonists in orchards: spatial dynamics. Agriculture, 

Ecosystems & Environment 73: 111-118. 

Ehrlich, P. R. 1991. Biodiversity studies: science and policy. Science 253: 758-762. 

Evans, E. W. 1994. Indirect interactions among phytophagous insects: aphids, honeydew  



78 
 

and natural enemies. Pages 287-297 in S. Leather, K. Walters, N. Mills, and A. 

Watt, editors. Individuals, populations, and patterns in ecology. Andover, 

Hampshire, England. 

Evans, E. W., and D. R. Richards. 1997. Managing the dispersal of ladybird beetles (Col.:  

Coccinellidae): Use of artificial honeydew to manipulate spatial distributions. 

BioControl 42: 93-102. 

Fiedler, A. K., and D. A. Landis. 2007. Attractiveness of Michigan native plants to  

arthropod natural enemies and herbivores. Environmental Entomology 36: 751-

765. 

Fillmore, O. O. 1965. The parasitoids of Aroga websteri Clarke (Lepidoptera:  

Gelechiidae) in southern Idaho. Thesis. University of Idaho, Moscow, ID, USA.  

Finke, D. L. and R. F. Denno. 2004. Predator diversity dampens trophic cascades. Nature  

429: 407-410. 

Foley, J. A., R. DeFries, G. P. Asner, C. Barford, G. B. Bonan, S. R. Carpenter, R.  

S. Chapin, M. T. Coe, G. C. Daily, H. K. Gibbs, J. H. Helkowski, T. Holloway, E. 

A. Howard, C. J. Kucharik, C. Monfreda, J. A. Patz, I. C. Prentice, N. 

Ramankutty, and P. K. Snyder.  2005. Global consequences of land use. Science 

309: 570–574. 

Frank, D. A., and S. J. McNaughton. 1992. The ecology of plants, large mammalian  

herbivores, and drought in Yellowstone National Park. Ecology 73: 2043-2058. 

Gagic, V., S. Hänke, C. Thies, C. Scherber, Ž. Tomanović, and T. Tscharntke. 2012.  







121 
 

 

Figure 4.1. A second instar of Aroga websteri on a big sagebrush, Artemesia tridentata 

(A), adult Aroga moth (B), and signature webbed tubes and subsequent defoliation of 

sagebrush plant by older instars (4th & 5th) of the Aroga moth (C). 
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Figure 4.2. Age structure and population density of Aroga (solid lines) and accumulated 

DD (dotted line) versus Julian calendar date (120 JD corresponds ~1 May) (A) Henefer-

Echo 2008, (B) Henefer-Echo 2009, and (C) Henefer-Echo 2010. 
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Figure 4.3. Mean estimate of D accumulation at peak Aroga larval abundance for 

individual instars and for all larvae combined at Henefer-Echo and Curlew Valley field 

sites.  
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sp. parasitism was greatest at high elevation).  Floral species richness was tightly 

correlated with elevation across years, with greatest diversity found in areas of highest 

elevation (and furthest away from cattle watering troughs).  Field experiments were 

conducted to test the influence of floral provisions (sugar sprays and buckwheat plant 

treatments) and herbivore induced plant volatiles (MeSA lures) on rates of parasitism.  

The specialist parasitoid (Phaeogenes sp.) responded strongly to both sugar sprays and 

the buckwheat treatments, while the generalist parasitoid (Conura sp.) responded most 

strongly to MeSA lures.  The generalist Copidisoma sp. (examined only in the first 

experiment) did not respond clearly to sugar spray.  At local stands of sagebrush across 

the Henefer-Echo WMA, greatest overall parasitism occurred when all three major 

parasitoid species were present.  Conflict and competition between heterospecifics may 

have been reduced by differential use of resources along the elevation gradient.   

 In Chapter 4, a D model was developed and applied to the phenology of field 

populations of the Aroga moth.  I determined the number of D associated with the 

seasonal peak in abundance of individual instars (larval stages) and of all larvae 

combined.  Despite the limitations to estimating peak abundances of field populations of 

insects, the model provided relatively consistent estimates among years.  Using this 

model, I found that years of historical outbreaks of the moth throughout the Great Basin 

had characteristic seasonal patterns of D accumulation that were intermediate, when 

compared to accumulations in endemic years, during mid-May through mid-June (when 

early instars of the moth are developing).  Outbreak years were also characterized by high 

precipitation in June and July during late stage larval development.  As Hsiao (1984) had 
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hypothesized, it appears that periodic outbreaks of the defoliator are due to favorable 

weather conditions.  These conditions likely are associated with increased larval 

survivorship, and with high nutritional value and palatability of sagebrush foliage for the 

moth.  

  Landscapes as filled with biological communities result from ecological processes 

and events operating on different scales of space and time.  Studies along natural 

gradients of abiotic and biotic factors (e.g., those in mountainous regions such as 

Henefer-Echo WMA), allow one to examine several biologically important 

environmental variables.  Study of these variables across a montane landscape may 

elucidate the role of heterogeneity as it affects populations and biotic communities.   

Like other indigenous, eruptive insect groups (e.g., bark beetles), the Aroga moth 

is a native insect with potential to kill its host plant in large numbers across an 

endangered landscape.  It is a specialist herbivore of a long-lived, native plant, and has 

coexisted with its host plant throughout the Great Basin for many thousands of years.  

Previous work has demonstrated that native insect outbreaks could promote species 

richness and plant coexistence (Carson and Root 2000).  Yet, cumulative effects of 

outbreak and non-outbreak levels likely play a role in regulating plant communities that 

include long-lived, keystone species (big sagebrush).  Defoliation of high resource areas 

with high sagebrush cover and taller plants may in turn decrease competition for 

understory herbaceous plants, such as forbs.  These forbs in turn may enhance the 

parasitoid community and their ability to suppress eruptive episodes of the moth.  Long-

term experiments over broad spatial scales are required to more critically evaluate the 
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role of defoliator herbivory under outbreak and non-outbreak conditions in regulating 

plant communities and mediating tritrophic interactions.  

The potential consequences of biodiversity loss for ecosystem functioning and 

services (e.g. parasitism) has received much attention over the last several years (Loreau 

et al. 2003).  Diversity in tritrophic interactions studied here across a heterogeneous 

landscape at Henefer-Echo WMA between plant resource, herbivore, and parasitoid guild 

appears to offer spatial insurance to buffer the potential impacts of an irruptive insect.  It 

is unsettling to think that this relationship of long-term stability may now be upset in a 

landscape experiencing great change from human activities.  Pristine patches of 

sagebrush steppe habitat are becoming more and more discontinuous as understory plant 

communities become less and less diverse. 

  The studies presented in this dissertation provide insight into factors that make 

sagebrush stands susceptible to outbreaks of the Aroga moth and to the damaging effects 

of these outbreaks, as well as understanding into factors that make sagebrush stands 

resilient to and buffered from such episodic attacks.  For example, parasitism of Aroga 

moth populations was high at the Henefer-Echo WMA (a site with abundant floral 

diversity).  A high rate of parasitism during the outbreak year of 2009 may have 

contributed strongly to the substantial reduction in moth numbers by the following year.  

In contrast, the community of parasitoids associated with the Aroga moth at Curlew 

Valley as studied by Hsaio and colleagues during the 1970s (with cheatgrass as the 

dominant understory plant; Hsiao 1984) was relatively ineffective (with low rates of 

parasitism), and abiotic factors likely were the most important factors in influencing the 
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population dynamics of the moth.  Careful management of sagebrush habitat to promote 

diverse communities of understory flowering plants and parasitoids may minimize the 

potential for large and sustained irruptions of the defoliator when weather conditions 

trigger an outbreak.  Baseline work on the population dynamics of the Aroga moth across 

a varied landscape is essential for comparison with other out-breaking insects (both 

native and non-native), as well as for developing rangeland management plans to address 

ever complicated ecological, climatic, and social issues.  As the late Robert MacArthur 

(1955) insightfully wrote, “Efficiency enables individual animals to out compete others, 

but stability allows individual communities to out-service less stable ones.” 
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Table A-1 Flowering species list identified from Henefer-Echo WMU field plots 

referenced in Chapter 3: 

 

Bloom ID Genus species Common name 

F24 Achillea millefolium Yarrow 

F88 Agastache urticifolia Horsemint 

F35 Agoseris glauca Mountain Dandelion 

F44 Allium acuminatum Tapertip Onion 

F44.2 Allium parvum Dwarf Onion 

F27 Amelanchier utahensis Serviceberry 

F02 Astralagus utahensis Utah Milkvetch or Locoweed 

F02.2 Astralagus whitneyi Whitney's Locoweed 

F89 Balsamorhiza macrophylla Cutleaf Balsamroot 

F40 Balsamorhiza sagittata Arrow leaf, Balsamroot 

F70 Verbascum thapsus Common Mullein 

F29 Berberis aquifolium Creeping Oregon Grape 

F74 Brodiaea douglasii Douglas Brodiaea or Wild Hyacinth 

F63 Calochortus bruneaunis Sego Lily 

F92 Camassia quamash Camas Lily 

F64 Campanula rotundifolia Round Leaf Harbell 

F59 Carduus nutans Musk Thistle 

F01 Castilleja applegatei Wavy-Leaved Paintbrush 

F01.1 Castilleja miniata Great Red Paintbrush 

F86 Chaenactis stevioides Stevia Dusty-Maiden 

F57 Chrysanthamnus nauseosus Rubber Rabbitbrush 

F78 

Chrysanthemum 

leucanthemum Oxeye Daisy 

F58 Cirsium arvense (L.) Scop Canada Thistle 

F58.2 Cirsium vulgare Bull Thistle 

F05 Comandra umbellatum Bastard Toadflax 

F75 Convolvulus arvensis Morning Glory, Bindweed 

F18 Crepis acuminata Hawksbeard 

F18.2 Crepis modocensis Low Hawksbeard 

F37 Cryptantha cinerea James' Cryptanth 

F15 Cymopterus terebinthinus Spring Parsley 
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F04 Delphinium nuttallianum Low Larkspur 

F52 Echium vulgare Viper's Bugloss 

F30  Ephedra virdis Mormon Tea 

F42 Erigeron speciosus Showy Daisy, Fleabane 

F54.2 Eriiogonum ovalifolium Oval-Leaf Buckwheat 

F54 Eriogonum umbellatum Sulfur Buckwheat 

F39 Erodium cicutarium  Filaree 

F34 Erysimum asperum Western Wallflower 

F12 Erythronium grandiflorum Glacier Lily 

F67 Euphorbia myrsinites Blue Spurge 

F10 Frasera speciosa Green Gentium or Monument Plant 

F84 Fritillaria atropurpurea Leopard Lily or Purple Spot Fritillaria 

F20 Fritillaria pudica Yellowbell or Yellow Fritilary 

F93 Gentiana calycosa Explorer's Gentian 

F38 Geranium viscosissimum Silky Geranium 

F79 Geum triflorum Prairie Smoke, Old Man's Whisk 

F94 Grindelia squarrosa Curly-Cup Gumweed 

F28 Hackelia patens Pale Stickseed 

F48 Hedysarum boreale Northern Sweetvetch 

F68 Helianthus annus Common Sunflower 

F07 Hydrophyllum capitatum Ballhead Waterleaf 

F90 Ipomopsis aggregata Scarlet Gilia 

F09 Lathyrus pauciflorus Utah Sweet Pea 

F46 Linum lewisii Wild Blue Flax or Lewis Flax 

F65 Lithophragma parviflorum Woodland Star 

F15.1 Lomatium austinae Desert Parsley 

F15.2 Lomatium dissectum Fern-Leaf 

F49 Lupinus argenteus Silvery Lupine 

F95 Melilotus alba White Sweet Clover 

F55 Mentha arvensis Horsemint 

F33 Mertensia brevistyla Wasatch Bluebell, Short-Styled Bluebell 

F62 Mertensia ciliata Mountain Bluebell 

F96 Microsteris gracilis Slender Phlox 
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F47 Oenothera caespitosa Primrose 

F60 Opuntia polycantha Prickly Pear Cactus 

F51 Penstemon cyananthus Wasatch Beardtongue 

F76 Penstemon eatonii Gray Eaton Penstemon, Firecracker 

F77 Penstemon utahensis Utah Penstemon 

F71 Phlox hoodii Cushion Phlox 

F71.2 Phlox longifolia Long-Leaf Phlox 

F91 Polygonum bistortoides Western Bistort 

F97 Potentilla fruticosa Shrubby Cinquefoil 

F26.2 Prunus emarginata Bitter Cherry 

F26 Prunus virginiana Chokecherry 

F82 Purshia mexicana Cliff-Rose 

F25 Purshia tridentata Bitterbrush, Antelope Bitterbrush 

F98 Ribes cereum Wax Currant 

F83 Rosa woodsii Wood's Rose 

F99 Sambucus glauca Blue Elderberry 

F66 Senecio douglasii Thread-Leaf Groundsel 

F11 Senecio serra  Saw Groundsel or Butterweed 

F69 Sidalcea oregana Oregon Checkermallow 

F45 Sphaeralcea munroana Globe Mallow 

F72 Symphoricarpos oreophilus Mountain Snowberry 

F31 Taraxacum officinale Common Dandelion 

F61.2 Tragopogon dubius Yellow Salsify 

F61 Trapopogon pratensis Meadow Salsify 

F100 Trifolium kingii Shasta Clover 

F73.2 Vicia americana Peavine 

F03 Viola purpurea Mountain Violet 

F41 Wyethia amplixicaulis Northern Mule Ears 

F13 Zigadenus paniculatus Sand Corm 
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APPENDIX B 

ANCOVA figures for Chapter 3 
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Figure B-1.  Relationship between individual parasitoid species’ parasitism rate, floral 

species richness, and year.  Rates of parasitism are shown for all three major parasitoid 

species considered individually (A) Copidisoma, (B) Phaeogenes, (C) Conura, and 

combined (D). Floral species richness spans the spatial extent of field plots at Henefer-

Echo WMA. Parasitism rates are the proportion of host larvae or pupae parasitized 

(arcsine transformed).   
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APPENDIX C 

Supplemental text and ANCOVA figures for Chapter 3 
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Cattle grazing 

 

At HEWMA, permanent cattle troughs were placed at the most accessible locations in the 

lowest elevations.  The impact of cattle grazing was indirectly measured based on 

distance from nearest cattle trough or watering source using GPS coordinates (distances 

from trough ranged from 106-3030 m). 

 

Floral richness was greater at increasing distance from the nearest cattle trough (Fig. 2b; 

ANCOVA, effect of distance from trough: F1, 137=81.49, p<0.0001; effect of year: 

F3,137=5.15, p=0.002; interaction of trough x year: F2,137=2.17, p=0.09).   

     

Copidisoma was present at all distances from the trough; overall, the percentage 

parasitism by this species increased with increasing distance from the nearest trough 

(Table 3; ANCOVA, effect of distance from trough: F1, 57=6.20, p=0.02; effect of year: 

F2,57=9.42, p<0.001; interaction of elevation x year: F2,55=0.59 p=0.56).   

 

The intensities of pupal parasitism by Phaeogenes and Conura varied in opposite pattern 

to each other across varied distances from the nearest cattle trough.  Highest rates of 

Phaeogenes parasitism generally occurred at furthest distances away from the cattle 

trough; this was especially evident in 2009 (ANCOVA, effect of distance from trough: 

F1,43=10.13, p=0.003; effect of year: F2,43=0.45, p=0.64; interaction of trough distance x 

year: F2,43=5.40,  p=0.008).  Highest rates of Conura parasitism occurred at locations 

nearest to the cattle trough (ANCOVA, effect of distance from trough: F1,45=24.25, 

p<0.0001; effect of year: F2,45=2.05, p=0.14; interaction of elevation x year: F2,43=1.43, 

p=0.25).  

 

Combining the impact of all three species, the overall rate of parasitism of Aroga 

generally increased as distance from the cattle trough increased, with differences in rates 

among years but no significant interaction of year with cattle trough distance (ANCOVA, 

effect of distance from trough: F1,45=5.79, p=0.02; effect of year: F2,45=12.26, p<0.0001; 

interaction of elevation x year: F2,43=1.80, p=0.18). 
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Figure C-1. Relationship between individual parasitoid species’ parasitism rate, distance 

from cattle trough (m), and year.  Rates of parasitism are shown for all three major 

parasitoid species considered individually (A) Copidisoma, (B) Phaeogenes, (C) Conura, 

and combined (D). Distance from the cattle trough spans the spatial extent of field plots 

at Henefer-Echo WMA. Parasitism rates are the proportion of host larvae or pupae 

parasitized (arcsine transformed).   
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APPENDIX D 

Julian dates and degree-days for Chapter 4 
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Table D-1. Julian dates (JD) and associated accumulated degree-days at larval peak 

abundances for first-fifth instars of the Aroga moth, and for all larvae combined, at field 

sites at Henefer-Echo and Curlew Valley. 

 

  Sine Model 

(8◦C Lower Threshold)1      Life stages 

 

 1st Instar  2nd Instar 3rd Instar  4th Instar  5th Instar             Combined  

 peak  peak  peak  peak  peak  peak 

     

Location  (year)    

JD   DD  JD   DD  JD   DD  JD   DD  JD   DD       JD   DD  
 

HEWMA, UT  (2008)  

141   133 148   154 169   267   172   294 183   424 141  133 

HEWMA, UT  (2009)  

133   138 133   138 149   244 155   294 182   490 133  138 

HEWMA, UT  (2010)  

130   102 146   149 155   206 169   307 174   347 155  206 

Cur Val UT/ID  (1972)  

113   102 132   176 141   239 154   331 161   400 141  239 

Cur Val UT/ID  (1974)  

117   105 131   183 155   347 155   347 164   419 117  105 

Cur Val UT/ID  (1975) 

111     15 147   108 158   182 165   238 171   277 126    31 

______________________________________________________________________________________ 

Mean 124     99 140   151 155   247 162   302 173   393 136  142 

SE    5      18     3     11     4     23     3     15     4     30     5    30 

CV (%)  10      45     6     18     6     23     5     12     5     19   98    52 

1Degree-days were calculated using a single-sine method with a lower threshold of 8◦C and no upper 

horizontal cut-off.  
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Table D-2. Julian dates (JD) and associated accumulated degree-days at larval peak 

abundances for first-fifth instars of the Aroga moth, and for all larvae combined, at field 

sites at Henefer-Echo and Curlew Valley. 

 

  Sine Model 

(10◦C Lower Threshold)1      Life stages 

 

 1st Instar  2nd Instar 3rd Instar  4th Instar  5th Instar             Combined 

 peak  peak  peak  peak  peak  peak  

     

Location  (year)    

JD   DD  JD   DD  JD   DD  JD   DD  JD   DD       JD   DD 
  

 

HEWMA, UT  (2008)  

141    97  148   112 169   199 172   222 183   331 141    97 

HEWMA, UT  (2009)  

133    92  133     92 149   176 155   216 182   371 133    92 

HEWMA, UT  (2010)  

130    66  146     98 155   142 169   221 174   255 155  142 

Cur Val UT/ID  (1972)  

113    63  132   116 141   164 154   234 161   293 141  164 

Cur Val UT/ID  (1974)  

117    67  131   128 155   261 155   261 164   320 117    67 

Cur Val UT/ID  (1975)  

111      6  147    74  158   134 165   181 171   216 126    16 

______________________________________________________________________________________ 

Mean 124    65  140   103 155   179 162   223 173   298 136    96 

SE     5    13      3       8     4     19     3     11       4     23     5    22  

CV (%)   10    50        6     19     6     26     5     12     5     19   10    55 
1Degree-days were calculated using a single-sine method with a lower threshold of 10◦C and no upper 

horizontal cut-off.  
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APPENDIX E 

Age structure and population density for Chapter 4 
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Figure E-1.  Age structure and population density of Aroga (solid lines) and accumulated 

DD (dotted line) versus Julian calendar date (120 JD corresponds ~1 May) (A) Curlew 

Valley 1972, (B) Curlew Valley 1974, and (C) Curlew Valley 1975. 
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