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ABSTRACT 

In food webs, which are composed of antagonistic species interactions (with negative 

component effects), predators frequently suppress herbivores and indirectly benefit plants via 

“trophic cascades”. Yet, ecological webs commonly contain multiple types of species 

interactions. Mutualistic species interactions (with only positive component effects) are 

ubiquitous across ecosystems and often co-occur with antagonistic relationships. A mechanistic 

understanding of cascades in ecological webs with both mutualistic and antagonistic species 

interactions is largely lacking, especially for cascades across four trophic levels. 

This dissertation focuses on how mutualistic interactions between predators and 

herbivores affect trophic cascades from fourth trophic level predators to plants. I used field 

experiments to evaluate the mechanisms leading to plant responses to predators in an ecological 

web that includes a mutualism between predacious ants and herbivorous treehopper insects. In 

this ecological web, ants have both mutualistic and antagonistic interactions with herbivores, 

resulting in a net effect of ants on plants that depends on the magnitude of positive and negative 

indirect pathways. These ant effects provide opportunities for testing the relative importance of 

antagonistic and mutualistic interspecific interactions for cascades. I tested the following 

predictions for cascades of effects on plants: 

1) antagonistic interactions are more important than mutualistic interactions, 

2) predators in the fourth trophic level will indirectly benefit plants, and 

3) elevated nitrogen deposition will cause stronger effects from predators to plants. 

Among studies that have evaluated the effects of mutualisms on tri-trophic cascades, 

paths of antagonistic effects were generally considered stronger than indirect effects including 

mutualism. To test this expectation, I first demonstrated that ants simultaneously had a positive 

effect on treehoppers, and a negative effect on beetles, resulting in less beetle damage to plants 

hosting the mutualism. Then I compared interaction strengths through the entire insect herbivore 

community on plants with and without ants. The ant’s mutualism with treehoppers was the sole 

strong interaction contributing to the net indirect effect of ants on plants. Predation, herbivory, 

and facilitation were weak, and the net effect of ants was reduced plant reproduction. This net 

indirect effect was also partially due to behavioral changes of herbivores in the presence of ants. 

An additional treehopper manipulation showed that the treehopper’s effect on ant foraging was 
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largely responsible for the ant’s net effect on plants; ant workers were nearly ten times as 

abundant on plants with mutualists and effects on other herbivores were similar to those in the 

ant-manipulation experiment. This study shows that mutualistic interactions can be strong 

relative to negative direct interspecific interactions, and can drive indirect ecological dynamics. 

I next asked whether a predator in the fourth trophic level indirectly benefits plants in this 

ecological web. Fourth trophic level predators consume lower-level predators, which can 

indirectly harm plants when herbivores are released from predator suppression. However, I found 

that black bears, which are predators of ants, were beneficial for plants. Plants near bear-

damaged ant nests had greater reproduction than those near undamaged nests, due to weaker ant 

protection for herbivores, which allowed herbivore suppression by arthropod predators. These 

results suggest that bears and other predators should be managed with the understanding that 

they can influence primary producers through many paths. 

Lastly, I asked whether low-level nitrogen (N) deposition alters the cascade from bears to 

plants. Widespread, low-level N deposition often enhances plant quality for herbivores and 

increases herbivory, but it is not known if this small anthropogenic nutrient enrichment affects 

trophic cascades. A previous study found that high levels of N enrichment caused this ant species 

to more strongly decrease beetle damage to plants; therefore I expected the indirect effect of 

bears on plants to become stronger under low-level N enrichment. I found that low-level N 

enrichment and bear damage to nearby ant nests had interacting effects on plants. The cascade 

was weak in N-enriched conditions because plants were more resistant to herbivores and 

predator effects were not stronger. This research indicates that cascades are currently being 

disrupted by N deposition. 

Overall, my studies show that mutualistic species interactions can be influential for 

trophic cascades. These results highlight the need to integrate mutualisms into trophic cascade 

theory, which is based primarily on antagonistic relationships. Positive and negative species 

interactions frequently co-occur and may often have interdependent effects on ecological 

dynamics. Progress in community ecology may be greatly promoted by adopting a perspective 

that integrates multiple types of species interactions in the same ecological network. 
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CHAPTER ONE 

INTRODUCTION 

Food webs are composed of antagonistic, predator-prey interactions. In this context, 

predators often indirectly benefit plants by suppressing herbivores, which is a form of “trophic 

cascade” (Hairston et al. 1960). Ecologists have documented trophic cascades in numerous 

ecosystems across aquatic and terrestrial environments (Terborgh & Estes 2010; Estes et al. 

2011). These studies have revealed that predators are important determinants of ecological 

community structure (relative species abundances), and that trophic cascades can have a great 

impact on ecosystem functioning and stability (Terborgh & Estes 2010; Estes et al. 2011). Yet, 

food webs do not adequately describe many ecological webs, because multiple types of species 

interactions commonly co-occur in the same ecosystem. It may be difficult to anticipate predator 

effects in such ecological webs because cascades may be mediated by both antagonistic and 

mutualistic (positive) species interactions. A growing number of studies have investigated tri-

trophic cascades that include mutualisms (Messina 1981; Suttle 2003; Styrsky & Eubanks 2007; 

Trager et al. 2010; Romero & Koricheva 2011), but few studies have evaluated cascades across 

four trophic levels in these circumstances (Letourneau & Dyer 1998; Knight et al. 2005) and the 

ecological mechanisms leading to effects on plants in these studies are often unclear. 

Understanding the full influence of predators, and especially fourth trophic level predators, in 

ecological communities requires that we conduct mechanistic evaluations of cascades in 

networks that integrate positive and negative species interactions (Goudard & Loreau 2008; Ings 

et al. 2009; Fontaine et al. 2011; Pocock et al. 2012). 

 Mutualistic relationships benefit both species in the interaction, and they are ubiquitous 

across ecosystems (Bronstein 1994). Ecologists are increasingly applying network approaches to 

study positive interactions in mutualistic webs (Memmott 1999; Bascompte 2009; Vazquez et al. 

2009), but like food webs, these networks consider only one type of interspecific interaction and 

are subsets of the entire suite of species interactions that co-occur in real ecosystems. Most 

mutualisms have direct consumer-resource components, such as exchanges of food and nutrients, 

or indirect components that modify consumer-resource relationships, such as protection from 

natural enemies (Holland et al. 2005; Holland & DeAngelis 2010). Antagonistic species 

interactions are also consumer-resource relationships; thus antagonistic and mutualistic 
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interactions can be united by a consumer-resource perspective of ecological webs (Holland & 

DeAngelis 2010). 

 I studied predator effects in an ecological web consisting of antagonistic and mutualistic 

species interactions. Specifically, I focused on a mutualism between predacious ants and insect 

herbivores and the antagonistic and facilitative interactions that compose the ecological web 

supported by rabbitbrush plants in Colorado. In this mutualism, ants consume honeydew 

excretions of herbivorous treehoppers, and in exchange for this food, ants provide treehoppers 

with protection from other predators (Way 1963; Cushman & Whitham 1989). Honeydew-

tending ants are also predators of other herbivores, and this predation can indirectly benefit 

plants (Messina 1981; Styrsky & Eubanks 2007) and reduce resource competition between 

treehoppers and other herbivores. Additionally, ant protection for treehoppers can facilitate other 

herbivores by providing enemy-free space (Fritz 1983). Altogether, ant effects on herbivores 

range from positive to negative and provide opportunities for evaluating how combinations of 

different types of species interactions influence the indirect effects of predators on plants. 

 For my dissertation, I conducted a series of field studies to develop a mechanistic 

understanding of trophic cascades in this antagonistic/mutualistic ecological web. I used 

manipulative and natural experiments to answer the following questions: 

1. Does the net indirect effect of ants on plants depend more on antagonistic than 

mutualistic component interactions? 

2. Do predators in the fourth trophic level cause a cascade that benefits plants? 

3. Do common rates of low-level nitrogen deposition cause a greater trophic cascade? 
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CHAPTER TWO 

THE INDIRECT CONSEQUENCES OF A MUTUALISM:        

COMPARING POSITIVE AND NEGATIVE COMPONENTS OF THE                            

NET INTERACTION BETWEEN HONEYDEW-TENDING ANTS                   

AND HOST PLANTS 

 

Author Posting. © The Authors 2011. The full text of this article is published in the 

Journal of Animal Ecology, volume 81, issue 2, pages 494-502. It is available online at 

http://dx.doi.org/10.1111/j.1365-2656.2011.01929.x 

 

2.1 Introduction 

Within ecological webs, net indirect interactions between species result from component 

interactions that can be strong or weak, positive or negative, direct and/or indirect, and density-

mediated and/or trait-mediated (Miller 1994; Wootton 1994, 2002; Werner & Peacor 2003; 

Ohgushi 2008). Previous studies that have looked at multiple component pathways within a net 

indirect interaction have largely focused on chains of negative direct interactions, such as 

predation and herbivory (e.g. Wootton 1994, 2002; Werner & Peacor 2003; Schmitz 2008; but 

see e.g. Goudard & Loreau 2008; Ohgushi 2008). Predator-prey interactions have received 

particular attention because they are often particularly strong direct interactions, and ecological 

webs are thought to be composed of few strong and many weak interactions (e.g. Paine 1992; 

Wootton & Emmerson 2005).  However, mounting evidence suggests that positive direct 

interactions (e.g. mutualism, facilitation) are common and have the potential for community-

wide consequences within ecological webs (e.g. Messina 1981; Wimp & Whitham 2001; Styrsky 

& Eubanks 2007; Rudgers & Clay 2008). To date, few studies have quantified both positive and 

negative direct effects in the same interaction web (but see Goudard & Loreau 2008; Ohgushi 

2008); this hinders our understanding of how the net outcome of indirect interactions is governed 

by the relative strength of positive and negative component interactions.  

Terrestrial plant/arthropod communities that include ants are good systems in which to 

investigate the relative strengths of different types of interspecific interactions because ants 

perform multiple top-down roles. Ants harass and prey upon many herbivorous insects, while 

simultaneously engaging in mutualisms with honeydew-producing hemipterans. In these 
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mutualisms, hemipterans exchange food for ant protection against predators and competing 

herbivores (Way 1963; Messina 1981). Honeydew-producer performance often improves under 

ant protection, causing concomitant increases in damage to host plants; yet a majority of studies 

have shown that honeydew-tending ants actually have a net positive effect on host plants 

mediated through the ant’s deterrence of other herbivores, particularly chewing beetles (Messina 

1981; reviewed in Styrsky & Eubanks 2007). The ant’s protection services can also benefit 

herbivores (or herbivore life stages) that do not provide ants with food. For example, Fritz (1983) 

found that ants provided honeydew-producing treehoppers with protection from predatory 

arthropods, and benefited the early life stages of a leaf-mining beetle but were detrimental to 

defoliating adult beetles. This implies that the net effect of ants on the host plant is influenced by 

multiple component effects of opposite signs, some stronger than others, but this net indirect 

effect has not yet been decomposed into its component interaction strengths. Furthermore, few 

studies (4 of 30 reviewed by Styrsky & Eubanks 2007) have rigorously tested the net effect of 

honeydew mutualisms on plants by considering how the effects of ants on other herbivores are 

contingent upon the presence of the honeydew-producers. 

In this study, we sought to understand the net effect of honeydew-tending ants on host 

plants by identifying positive and negative pathways linking ants to plants, decomposing the net 

indirect interaction into component interaction strengths, and evaluating how the effects of ants 

on the plant/arthropod community depend on the presence of mutualist honeydew-producers. We 

focused on interactions between three insect species, an ant, a honeydew-producing treehopper 

the ant tends, and a defoliating beetle, and the effects on their perennial host plant.  

We conducted three field experiments. In the first, we determined if there are 

simultaneous positive and negative effects of ants on plants by crossing manipulations of ants 

and defoliating adult beetles and measuring the responses of treehoppers and plants (Ant x Beetle 

Experiment). We then broadened our scope to consider the effects of ants on plants through the 

entire insect herbivore community. We asked whether the net indirect effect of ants on plants is 

dominated by positive or negative component interactions by manipulating ants and using 

structural equation models (SEM) to quantify the interaction strengths composing the top-down 

net effect of ants on plants (Ant-Effect Experiment). Finally, we tested whether the ant’s effects 

on non-honeydew-producing herbivores and plants are contingent upon the presence of mutualist 

treehoppers (i.e. the treehopper’s bottom-up effect on ant activity is largely responsible for the 
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ant’s top-down effects on plants) by manipulating treehoppers and quantifying interactions 

between treehoppers and other species via ants (Treehopper-Effect Experiment). Together, these 

investigations demonstrate how interaction chains composed of positive and negative direct 

effects combine to control the net outcome of a common indirect interspecific interaction. 

 

2.2 Materials and Methods 

2.2.1 Experimental System 

Our study focused on the ant Formica obscuripes Forel (Hymenoptera: Formicidae), the 

mutualist honeydew-producing treehopper Publilia modesta Uhler (Hemiptera: Membracidae), 

the defoliating beetle Monoxia schyzonycha Blake (Coleoptera: Chrysomelidae), and the woody 

perennial Chrysothamnus viscidiflorus Nuttall (Asteraceae) in a meadow near Almont, Colorado 

(experimental meadow = 100m x 200m, elevation = 2769m, latitude = 38.719, longitude = -

106.816) dominated by Artemisia tridentata Nuttall (Asteraceae) and C. viscidiflorus. Formica 

obscuripes and P. modesta are abundant on C. viscidiflorus, which is the superior host plant for 

this generalist treehopper at this site (Reithel & Campbell 2008). We used a plant-centered 

approach and defined the community as the arthropods occurring on individual C. viscidiflorus 

(Ohgushi 2008).  

Chrysothamnus viscidiflorus is found throughout the western U.S.A., and at our site 

begins flowering in late July and matures wind-blown seeds in September. Study plants were 20-

47 cm tall and had two ramets on average. On this host, P. modesta forms aggregations of up to 

several hundred newly emerged nymphs in late June and July; nymphs develop through five 

instars until adulthood in August and September.  Formica obscuripes employs a highly 

organized honeydew harvest system (McIver & Yandell 1998) and is the numerically and 

behaviorally dominant ant tending P. modesta. Several guilds of herbivores are present, which 

we represent with synthetic variables. The green aphids Pleotrichophorus utensis Pack & 

Knowlton and Uroleucon escalantii Knowlton (Hemiptera: Aphidae) are both tended and eaten 

by F. obscuripes at this site (Billick et al. 2007) and together with several cicadellid species 

(Hemiptera: Cicadellidae) are collectively referred to as “other phloem feeders”; these species all 

preferentially feed on inflorescence phloem. “Larval lepidopterans” are represented by tent 

caterpillars and casebearing Coleophoridae.  “Leaf-miners” include black blotch fly larvae 

(Diptera: Agromyzidae) and larvae of the beetle M. schyzonycha, which in its adult form is a 
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skeletonizing herbivore feeding alone or in aggregations of up to 15 individuals (Grinath 

personal observation). Adult M. schyzonycha were considered independently in our first 

experiment. We tracked the adult beetles’ damage to plants in both years of study; damage by 

larval M. schyzonycha was considered in our later experiments. Total damage by both stages of 

the beetle’s development was used as a synthetic variable in statistical analyses (see below). 

 

2.2.2 2007 Ant x Beetle Experiment 

In our first experiment, we focused on ant effects on two important herbivores, testing if 

ant effects on treehoppers and herbivorous beetles were negative or positive and if these effects 

altered host plant damage and growth. In a 2x3 factorial manipulation, we crossed ant 

presence/absence with three Monoxia schyzonycha beetle density treatments 

(reduced/ambient/added) on isolated C. viscidiflorus randomly selected within 3 m of ant 

mounds that were randomly chosen from within the meadow. Ninety C. viscidiflorus in groups of 

six plants near each of 15 replicate ant mounds (blocks) were randomly assigned to the six 

treatments and all plants were initially supplied with 20 treehopper nymphs transferred from an 

alternative host species. Ant presence was manipulated by applying sticky Tanglefoot 

(Tanglefoot Company, Grand Rapids, Michigan, USA) to the base of plant stems; bridging 

vegetation was trimmed but winged and jumping arthropods could access the plant. Beetle 

treatments were maintained by manual removal in weekly surveys and by adding a total of six 

beetles to plants in three applications between July 19 and August 2. All treatment levels reflect 

the natural variation on this host in the field, representing common herbivore aggregation sizes 

(see above) and the insects’ patchy distributions. Abundances of ants, beetles, treehopper adults 

and nymphs, and percent of leaves damaged by beetles were quantified in five weekly surveys of 

each plant from July 10 to August 7. Adult M. schyzonycha damage was estimated as the 

proportion of skeletonized leaves out of the 50 topmost leaves on a randomly selected stem. 

Plant height and circumference (surface area covered) were recorded on July 10. Plant volume 

(cm³) was calculated using these two plant measurements and the equation for a cone. This 

approach provides a non-destructive estimate of plant size and approximates the growth form of 

this plant; a small bush growing from a few closely spaced ramets. Between-year volume growth 

was estimated as the difference between the plant’s size on July 10, 2007 and June 20, 2008. 
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We analyzed the ant’s effects on treehopper nymphs and percent damage with repeated-

measures analysis of variance (RM ANOVA) using the PROC MIXED procedure in SAS 9.1 

(SAS 2008) with unstructured Var-Cov, because these data were collected in sequential surveys 

and were approximately normally distributed following ln(+1) transformations. Abundances of 

other insects were low and were thus analyzed as cumulative abundances over all censuses. For 

these data and for plant variables that were only measured once, ANOVAs were performed in R 

2.8.1 (R Development Core Team 2009) using the Drop-1 procedure to calculate results based on 

Type III Sums of Squares. To test for the effects of ants on total beetle abundance, we fitted a 

Quasipoisson-distributed generalized linear model (GLM) using cumulative abundance in R. 

Because there were many highly correlated treehopper variables, we also performed a 

MANOVA in R on cumulative abundances of all the treehopper variables to test for significant 

effects while accounting for these correlations. 

   

2.2.3 2008 Ant-Effect Experiment 

Next, we sought to determine whether the net indirect effect of ants on C. viscidiflorus 

was dominated by positive or negative component interactions and to analyze the distribution of 

interaction strengths composing this net effect. We combined experimental ant manipulations 

with SEM (Grace 2006) to quantify the top-down effects of ants on plants mediated through the 

entire insect herbivore community. Of the 90 plants studied in the 2007 Ant x Beetle experiment, 

75 survived and were reused (keeping the same ant treatment) in 2008 to track plant growth 

across years. In 2008 we manipulated the presence of ants while providing all plants with 

aggregations of treehopper nymphs as in the 2007 experiment (20-30 nymphs transferred 

between July 12 and 15). Ant treatments were reapplied in June 2008, and individual plants 

received the same treatments in both years. The abundances of all insects were surveyed July 16, 

July 29, and August 13. Surveys quantifying percent of leaves damaged by both adult and larval 

M. schyzonycha beetles were conducted July 8, July 23, and August 6. Plant volume (cm³) was 

calculated using data recorded on June 20 and August 18. Volume growth was estimated as the 

difference between plant size early and late in the season. Seed production (mg) was quantified 

by weighing seeds from inflorescences bagged with fine mesh on August 19 and harvested on 

September 16; windblown pollen could still fertilize flowers in the bags. Seed production was  
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Figure 2.1 Nested Ant-Effect Experiment SEMs. (a) Seventeen models were considered in a 

stepwise model pruning procedure to eliminate paths that did not contribute to model fit (dotted 

paths labeled “A” through “P”; see Table 1). Each single-headed arrow represents a direct effect, 

whereas double-headed arrows are unresolved covariances/correlations. (b) Model 17 had the 

most acceptable model fit scores and was selected as the best model, shown with unstandardized, 

per capita interaction strengths above each significant path (as well as interaction strengths 

standardized by their standard deviations in parentheses). Significant effects are shown as 

colored arrows (red, solid = positive; blue, dashed = negative) with thickness representing the 

magnitude of the standardized interaction and interaction strength estimates denoted by (*) for P 

< 0.05 and (°) for P < 0.10. Non-significant effects are shown as skinny black arrows. 

Endogenous (dependent) variables are boxes with R² values in the top right, whereas exogenous 

(independent) variables lack this term. 
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standardized by each plant’s initial number of flower buds (surveyed July 23, prior to flowering) 

in the statistical analyses. 

The component per capita effect sizes estimated by SEM were used to determine the 

importance of positive and negative components and the distribution of interaction strengths 

within the net indirect effect. Data from the 2008 Ant-Effect Experiment were used to fit the 

SEMs. We performed a confirmatory (i.e. of path models specified prior to data analysis) nested 

analysis (Ant-Effect SEM, Fig. 2.1a) that quantified the ant’s direct effects on change in 

treehopper abundance, leaf-chewing by adult beetles, other phloem feeders, leaf-miners, and 

larval lepidopterans, and these herbivores’ direct effects on plant seed production (mg). Because 

treehopper abundances were initially manipulated, we used the dependent variable “change in 

treehoppers”: the number of treehoppers in the last survey minus those in the first survey. Plant 

damage caused by leaf-chewing adult beetles was used as a proxy for beetle abundance, because 

too few adult beetles were observed in 2008 to include this variable in the models. Cumulative 

abundance data were used for the other insect variables. We included flower bud abundance, 

indicating plant condition early in the season when plants are colonized by treehopper nymphs 

and have not initiated flowering, as an independent variable to account for variation due to 

bottom-up effects. We accounted for additional unresolved variation by including correlation 

terms between herbivores (double-headed arrows in Fig. 2.1). Because a goal was to find the 

best-fitting model to describe important component interactions between ants and host plants, we 

employed a model pruning strategy, where paths (labeled A through P in Fig. 2.1a) were 

sequentially deleted and evaluated for their contribution to model fit with Chi-square lack-of-fit 

tests and AIC, RMSEA and ECVI indices. Paths were retained in subsequent models if they were 

significant and/or caused greater lack of fit (i.e. significant Chi-square probability or increased 

index scores) when deleted. The best model was selected based on the lowest AIC, RMSEA and 

ECVI scores (Grace 2006).  

To understand how interactions between herbivores and plants depend on the presence of 

the mutualism, we followed the nested SEM analysis with an exploratory (i.e. of path models 

specified after analyzing the initial SEMs) analysis (Multi-Group SEM) comparing interaction 

strengths in webs with and without ants. This analysis used the 2008 Ant-Effect data split into 

groups with and without ants and compared with the same causal model (see Grace 2006; 

Hillebrand et al. 2009). Containing a subset of the interactions in the SEM described above (Fig. 
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2.1a), this model included interactions between flower buds, seed production and all herbivores 

and the unresolved correlation between leaf-miners and beetle chewing. The interaction strengths 

in the Ants Present group were compared to the Ants Absent group for changes in magnitude and 

sign. All SEM analyses were performed using maximum likelihood estimation in AMOS 5.0.1 

(Arbuckle 2003) with non-transformed data. Models were accepted as a good fit to the data if the 

Chi-square lack-of-fit test exceeded P = 0.05. 

Total, absolute effects of ants on herbivores and plants were analyzed with MANOVA 

and univariate statistics, which provide complementary perspectives for the same relationships 

analyzed as per capita and net effects with SEM. First, we used MANOVA to test the 

significance of ant effects on synthetic variables (i.e. herbivore guilds and total beetle damage; 

see above) in our dataset. We performed MANOVAs in R for the variables composing these 

synthetic variables to test for significant effects while taking into account correlations that may 

exist among the component dependent variables. We conducted univariate analyses determined 

by the type of data and the distribution of residuals for the variable under consideration, which in 

some cases differed between variables within a MANOVA. Treehopper nymphs, other phloem 

feeders and percent beetle damage were analyzed through time with RM ANOVAs in SAS 

because these data were collected in sequential surveys and were approximately normally 

distributed following ln(+1) transformations. Other insects were analyzed as cumulative 

abundances over all censuses because their abundances in individual surveys were low; we 

performed GLMs in R for these data and for plant variables that were only measured once. 

Gaussian-distributed GLMs (equivalent to ANOVAs but limited to analyzing only two levels per 

factor) were performed for variables meeting normality assumptions, and Poisson-distributed 

GLMs were used for variables with non-normal distributions of residuals; a Quasipoisson 

distribution was fit to models when the deviance exceeded the degrees of freedom in the 

Poisson-distributed model. 

 

2.2.4 2008 Treehopper-Effect Experiment 

Lastly, we tested whether the treehopper’s bottom-up effect on ants was largely 

responsible for the ant’s top-down effects on herbivores and plants. We manipulated treehoppers 

to analyze their effect on the abundance of foraging ants on host plants, their indirect effects on 

other herbivores, and their direct effect on host plants. Similarities between the results from 
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manipulating treehoppers and manipulating ants would suggest that treehoppers are the main 

driver of the ant’s net effect on plants. We used 80 randomly selected plants in groups of four, 

within 3 m of an F. obscuripes mound. Treehopper presence or absence was randomly assigned 

within 20 replicate ant mounds (blocks) that were randomly chosen in the experimental meadow. 

Treehopper presence was manipulated by supplying initial populations of nymphs, and 

treehopper absence was maintained by weekly manual removal. Though ant-barriers were not 

used for this experiment, bridging vegetation was trimmed for consistency with the other two 

experiments. We recorded the same response variables for this experiment as for the 2008 Ant 

Effect experiment (see above) and the ant mounds for the two experiments were spatially 

intermixed within the same meadow. 

To test for similarities between results from treehopper and ant manipulations, the 

statistical significance of treehopper effects on each dependent variable was determined using the 

same MANOVA and univariate analyses that were performed for the Ant-Effect experiment (see 

above). Considering the same dependent variable in both experiments, qualitatively similar 

results would indicate that treehopper presence was largely responsible for the effect on that 

variable. Ant abundance on host plants was the sole dependent variable analyzed in this 

experiment that was not assessed in the Ant-Effect experiment; the effect of treehoppers on ants 

was analyzed with a RM ANOVA in SAS. To further quantify the treehoppers’ effects on other 

herbivores via ants, we also performed a nested SEM analysis with the Treehopper-Effect 

experimental data (similar to the Ant-Effect SEM), which can be found in the supporting 

information (Fig. A.3, A.4, Tables A.5, A.6, A.7). 

 

2.3 Results 

2.3.1 Ant x Beetle Experiment 

In 2007, we wanted to know if ants simultaneously had positive effects on treehoppers 

and negative effects on beetles, and if these herbivores had negative effects on plants. Ants 

reduced adult beetle abundances (GLM: Quasipoisson, t = 2.31, P = 0.025; Fig. 2.2a), resulting 

in less beetle damage in the presence of ants (across all beetle treatments: RM ANOVA, F6,78 = 

8.12, P = 0.006; Fig. 2.2b; analyzing only the ambient beetle treatment data: RM ANOVA, F3,25 

= 3.80, P = 0.062). Ants had significant positive effects on their treehopper mutualists; an effect 

seen for all developmental stages and through time (Table A.1). Ants did not affect plant growth  
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Figure 2.2 Univariate results for effects on insects and plant damage from both years of study. 

Error bars are +/- 1 SE. (a) Ant effect on adult M. schyzonycha abundance (Ant x Beetle 

Experiment, GLM: Quasipoisson). (b) ant effect on percent damage by M. schyzonycha adults in 

2007 (Ant x Beetle Experiment, RM ANOVA), and in 2008 for damage by adults, larvae and 

both age classes combined (Ant-Effect Experiment, RM ANOVA). (c) ant and treehopper effects 

on larval lepidopterans (Ant-Effect and Treehopper-Effect Experiments, GLM: Quasipoisson). 

(d) ant and treehopper effects on phloem feeders other than treehoppers (Ant-Effect and 

Treehopper-Effect Experiments, RM ANOVA). 

 

 

between 2007 and early 2008 (ANOVA, F2,69 = 1.26, P = 0.266; Fig. 2.3a, Table A.1). The adult 

M. schyzonycha beetle treatments did not significantly alter beetle abundances on plants (GLM: 

Quasipoisson, t = -.60, P = 0.554; mean cumulative abundance was 0.56, 0.59, and 1.17 for 

beetles reduced, ambient, and added, respectively), and beetle treatments did not affect 

treehoppers or the plant (Table A.1). No significant statistical interactions between ant and beetle 

treatments were found in any of the analyses (Table A.1).  
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Figure 2.3 Univariate results for effects on plant growth and reproduction from both years of 

study. (a) Ant effect on plant growth between 2007 and early 2008 (Ant x Beetle Experiment, 

ANOVA, ant x beetle interaction term was non-significant). (b) Ant effect on plant growth in 

2008 (Ant-Effect Experiment, GLM: Gaussian). (c) Ant effect on plant seed production in 2008 

(Ant-Effect Experiment, GLM: Gaussian). (d) Treehopper effect on plant growth in 2008 

(Treehopper-Effect Experiment, GLM: Gaussian). (e) Treehopper effect on plant seed production 

in 2008 (Treehopper-Effect Experiment, GLM: Gaussian).  
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2.3.2 Ant-Effect Experiment 

2.3.2.1 Ant-effect SEM 

In 2008, we asked whether the net effect of ants on plants was dominated by positive or 

negative component interactions and whether this net effect resulted from a few strong 

interactions or many interactions of similar magnitude (i.e. what was the distribution of 

interaction strengths). The Ant-Effect structural equation models (SEM) depicted in Fig. 2.1a 

measure ant effects on plants mediated through all insect herbivores. Using our model pruning  

 

 

Table 2.1 Ant-Effect SEM nested model selection. A best model was selected using a model 

pruning strategy, where paths (labeled A through P in Fig. 1a) were sequentially deleted and 

evaluated for their contribution to model fit with AIC, RMSEA and ECVI indices. Paths were 

retained in subsequent models if they were significant and/or caused increased index scores 

when deleted. Model 17 was selected as the best model, with an acceptable X² probability and 

the lowest AIC, RMSEA and ECVI scores of all models considered. 

 

 

Path Path

Model Deleted Retained df X ² P AIC RMSEA ECVI

1 none 1 0.1 0.748 86.1 0 0.563

2 A 2 1.7 0.414 85.8 0 0.561

3 B 3 2.6 0.450 84.6 0 0.553

4 C + 4 5.2 0.264 85.2 0.045 0.557

5 D 4 2.7 0.604 82.7 0 0.541

6 E 5 4.3 0.502 82.3 0 0.538

7 F + 6 20.7 0.002 96.7 0.127 0.632

8 G 6 5.5 0.478 81.5 0 0.533

9 H + 7 16.2 0.023 90.2 0.093 0.590

10 I 7 5.8 0.558 79.8 0 0.522

11 J 8 6.4 0.601 78.4 0 0.513

12 K 9 8.3 0.501 78.3 0 0.512

13 L 10 9.5 0.483 77.5 0 0.507

14 M 11 10.0 0.527 76.0 0 0.497

15 N 12 10.1 0.609 74.1 0 0.484

16 O 13 10.3 0.673 72.3 0 0.472

17 P 14 11.0 0.685 71.0 0 0.464
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strategy, we chose the model including only paths C, F and H (model 17) as the best model 

because it had the lowest AIC, RMSEA and ECVI model-fit index scores (Table 2.1). Figure 

2.1b depicts model 17 with unstandardized, per capita interaction strengths and interaction 

strengths standardized by their standard deviations (in parentheses) to obtain relative effect sizes. 

The unstandardized interaction strengths, standard errors and their probability values are 

provided in Table A.3 and bivariate scatter plots for the model’s variables are in Fig. A.1.  

One of the component interactions between ants and plants was relatively strong and all 

others were relatively weak. Ants had a significant strong positive effect on treehopper survival, 

and treehoppers had a marginally significant weak negative effect on seed production. Ants 

significantly reduced beetle chewing damage; this effect was of intermediate strength and was 

less than half the relative strength of the positive effect on treehoppers. All other component 

direct interactions were weak and non-significant. There was one significant unresolved 

correlation, which was of intermediate strength and occurred between leaf-miners and adult 

beetle damage to leaves. The strengths of the component indirect interactions between ants and 

plant variables were calculated by multiplying the coefficients along the individual paths 

mediated by particular herbivores. The net indirect interaction is the sum of all possible 

component indirect interactions. Ants had a negative net effect on plant reproduction, an effect 

that was dominated by the indirect path through treehoppers (Fig. 2.1b, Table A.4). 

 

2.3.2.2 Ant-effect multi-group SEM 

To explore how interactions between insect herbivores and their host plants depended on 

the presence of the mutualism, we performed the Multi-Group SEM analysis comparing 

communities with and without ants (Fig. 2.4, A.2, Tables A.3, A.4). The lack-of-fit test indicates 

that this causal model is acceptable for both groups (Ants Present: X² = 8.3, df = 9, P = 0.500; 

Ants Absent: X² = 2.2, df = 9, P = 0.988).  

Notably, flower buds had a significant positive effect on the change in treehopper 

abundance in the presence of ants, but not when ants were absent. Similarly, beetle chewing 

damage had a marginally significant positive effect on plant reproduction only in the presence of 

ants. Conversely, leaf-miners significantly covaried with beetle chewing damage to plants only 

when ants were absent. All other paths between herbivores and plant variables were non-

significant in the SEMs. 
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Figure 2.4 Multi-Group SEMs for plants with ants (a) present and (b) absent. Unstandardized, 

per capita interaction strengths (as well as interaction coefficients standardized by their standard 

deviations in parentheses) are given above their respective significant paths. Significant effects 

are shown as colored arrows (red = positive) with thickness representing the magnitude of the 

standardized interaction and interaction strength estimates denoted by (*) for P < 0.05 and (°) for 

P < 0.10. Non-significant effects are shown as skinny black arrows; unresolved 

covariances/correlations are indicated by double-headed arrows. R² values are in the top right of 

boxes with endogenous (dependent) variables; exogenous (independent) variables lack this term.  
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2.3.2.3 Ant-effect complementary analyses 

We performed MANOVA and univariate analyses on the absolute responses to ant 

manipulation (Table A.2) to provide complimentary perspectives for the same relationships 

analyzed with per capita and net effects using SEM. In 2008, ants had a positive effect on larval 

lepidopterans (GLM: Quasipoisson, t = -2.30, P = 0.024; Fig. 2.2c), a negative effect on other 

phloem feeders (RM ANOVA, F2,73 = 3.09, P = 0.052, significant ant x time interaction 

reported; Fig. 2.2d), and no effect on leaf-miners, including larval M. schyzonycha beetles 

(GLM: Quasipoisson, t = 1.61, P = 0.113; Table A.2). Though the presence of ants negatively 

influenced adult beetle damage in 2007, neither this effect (RM ANOVA, F2,73 = 0.01, P = 

0.942) nor an effect on larval damage (RM ANOVA, F2,73 = 0.81, P = 0.372) was evident in 

2008 (Fig. 2.2b, Table A.2), when adult beetles were nearly absent. Ant manipulations did not 

significantly affect plant growth (GLM: Gaussian, t = 1.04, P = 0.300; Fig. 2.3b), but had a 

significant negative effect on seed production when standardized by the initial number of flower 

buds (GLM: Gaussian, t = 2.74, P = 0.008; Fig. 2.3c, Table A.2). In the absence of ants, mean 

seed production was 349.8 mg (1.60 mg seed per initial flower bud); in the presence of ants, 

mean seed production was 200.2 mg (1.18 mg seed per initial flower bud). 

 

2.3.3 Treehopper-Effect Experiment 

We also wanted to know if treehoppers were the main driver of the ant’s effects on other 

herbivores and plants through their influence on ant activity. Concurrent with the Ant-Effect 

experiment in 2008, we manipulated treehopper presence to investigate their effect on foraging 

ant abundance and to compare the effects on other herbivores and host plants with results from 

the ant manipulation. Ant worker abundance was nearly ten times greater when treehoppers were 

present on plants (RM ANOVA, F2,77 = 11.60, P < 0.001; ant mean cumulative abundance was 

6.45 with treehoppers and 0.69 without treehoppers). As in the Ant-Effect experiment, 

significantly fewer other phloem feeders were found when treehoppers were present (RM 

ANOVA, F2,77 = 3.87, P = 0.025, significant ant x time interaction reported; Fig. 2.2d). Though 

non-significant, larval lepidopteran abundance responded similarly to treehopper manipulation as 

to ant manipulation (GLM: Quasipoisson, t = -0.72, P = 0.471; Fig. 2.2c). There was no effect on 

leaf-miners (GLM: Gaussian, t = -0.32, P = 0.750; Table A.2) in either experiment. We also 



18 

 

considered the treehopper’s direct effects on host plants; treehopper presence significantly 

negatively affected plant growth (GLM: Gaussian, t = 2.00, P = 0.049; Fig. 2.3d) but not seed 

production (GLM: Gaussian, t = -1.59, P = 0.126; Fig. 2.3e, Table A.2), though sample size was 

small for the latter test. The Treehopper-Effect SEM analysis corroborates these results and can 

be found in the supporting information (Fig. A.3, A.4, Tables A.5, A.6, A.7). The similarities 

between the effects found in this and the Ant-Effect experiment suggest that treehopper presence 

was responsible for the effect of ants on herbivores and plants.   

 

2.4 Discussion 

We found that a positive interspecific interaction is important for mediating a net indirect 

effect, which is similar to other studies showing that mutualisms can have community-wide 

impacts (e.g. Messina 1981; Wimp & Whitham 2001; Styrsky & Eubanks 2007; Rudgers & Clay 

2008). Our results indicate that the honeydew-tending ants in this system had a negative net 

indirect effect on host plants, which was mediated by component effects of opposite signs and 

driven by the treehopper’s positive effect on ant activity. As in other studies, we found that ants 

indirectly benefit plants by deterring chewing herbivores (Messina 1981; reviewed in Styrsky & 

Eubanks 2007); but unlike other studies, we found that ants were more costly than beneficial for 

plants. Similar to the distribution of a few strong and many weak interactions found in other 

ecological webs (Paine 1992; Wootton & Emmerson 2005), the ant-treehopper mutualism was 

the sole strong component interaction found in our structural equation models (SEMs). This 

strong mutualism overwhelmed other component interactions to result in the negative net indirect 

effect of ants on plants. Also, this negative net effect was reinforced by ants providing benefits to 

larval lepidopteran herbivores, which is analogous to the positive “spillover” protection effects 

of honeydew-tending ants on non-honeydew-producing herbivores found in other studies (Fritz 

1983; Wimp & Whitham 2001).  

Differences in ecological context between years or sites can cause conditional outcomes 

in food webs (Bronstein 1994b) and the net indirect effect of ants on plants in our study is no 

exception. During this study, adult M. schyzonycha beetles were abundant in 2007 but nearly 

absent in 2008. Though beetles were manipulated in 2007, this treatment did not have significant 

effects, thus we argue that the influence of ants on beetle abundance and plant damage can be 

compared across years. Based on the result that ants had significant effects on leaf-chewing 
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beetle damage in 2007 but not in 2008 (RM ANOVA), opposing influences through positive and 

negative component interactions may have been more balanced in 2007 when beetles were 

abundant, thereby causing inter-annual variation in the magnitude of the ant’s net indirect effect 

on plants. This net interaction will also be influenced by variation in the abundance of treehopper 

predators, which largely determines the degree of benefit treehoppers receive from ants 

(Cushman & Whitham 1989; Bronstein 1994b). A series of previous studies at this field site 

(Billick & Tonkel 2003; Reithel & Billick 2006; Abbot et al. 2008; Reithel & Cambell 2008) 

suggests that the ant-treehopper mutualism is a perennially important interaction on C. 

viscidiflorus, but longer-term studies are required to discern the amount of variation in the 

strength of this mutualism, the effect of ants on beetles, and the long-term net effect of ants on 

plants. 

The strength of a net indirect effect will also depend on changes in behavior by 

component species (trait-mediated interactions; reviewed in Werner & Peacor 2003). Our SEMs 

indicate that the effect of flower buds on treehoppers was strong only when ants were present; 

we interpret this to mean that treehoppers took advantage of preferred foraging sites in the 

presence of ants. Ant protection may allow greater treehopper foraging on plant parts that are 

more nutritious for the herbivores, such as flower buds and fast-growing stems. In contrast, leaf-

miners and beetle chewing strongly covaried in the absence, and not the presence, of ants. 

Because leaf-miners include larval M. schyzonyncha beetles, this pattern may result if new adult 

beetles remain to forage on the plants on which they have developed, and adult beetles migrate 

away from plants on which they are harassed by ants. The same covariance could potentially 

arise if adult beetles preferentially migrate to and forage on plants with many leaf-miners when 

ants are absent, but further study is required to determine causality in this relationship. 

Additionally, though we expected beetles to be detrimental to plants, the SEMs indicate that leaf 

damage by chewing beetles increased plant reproduction in the presence of ants. This surprising 

result may be due to overcompensation by the plant (e.g. Hawkes & Sullivan 2001), or it may be 

an artifact of the SEM analysis. Because SEMs use correlational data to provide relative effect 

sizes, causality within an SEM often cannot be determined and can create counterintuitive 

results. Experimentally manipulating focal species may be necessary to establish trustworthy 

causal pathways in SEMs; paths that occur further from the manipulated species will be 

estimated using less reliable observational data. 
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We found that SEM was helpful for two reasons. First, SEM allowed us to decompose a 

net indirect effect into component direct and indirect effects, as opposed to more conventional 

types of analyses (e.g. ANOVA) that assume all effects are direct. This advantage was Wright’s 

motivation for developing the first simple path analyses as an alternative to ANOVA (Wright 

1920). Secondly, SEM allowed us to determine the distribution of interaction strengths and the 

relative strength of both negative and positive types of interactions within the net indirect effect 

of ants on plants. SEM and similar statistical tools have been criticized for requiring large sample 

sizes (e.g. Petraitis et al. 1996; Grace 2006). However combining SEM with univariate and other 

statistical approaches (e.g. MANOVA) can provide complementary support for conclusions. 

Though care must be taken when combining experimental evidence with SEM (Grace 2006), we 

are confident that our manipulations reflect the natural variation at the field site based upon years 

of experience in this system (e.g. Billick et al. 2007; Abbot et al. 2008); this has allowed us to 

conclude that ants had a negative net indirect effect on plants as a result of their mutualism with 

treehoppers. 

Community ecology’s focus on competition and predation (e.g. Wootton 1994, 2002; 

Werner & Peacor 2003; Wootton & Emmerson 2005; Schmitz 2008) may have led us to ignore 

important positive interactions in ecological webs (Ohgushi 2008). Some have argued that 

ant/honeydew mutualisms are important enough to constitute keystone interactions (Styrsky & 

Eubanks 2007). Because the mutualist species in this study was numerically dominant despite 

relatively small experimental treehopper aggregation sizes (Reithel & Campbell 2008), we argue 

that this interaction is more accurately described as a strong, dominant mutualism. We expect 

that other mutualisms between relatively abundant species will also play important roles in their 

local communities. Our findings suggest that we should pay greater attention to positive 

interactions in studies of ecological webs.  
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CHAPTER THREE 

BEARS BENEFIT PLANTS VIA A CASCADE WITH BOTH 

ANTAGONISTIC AND MUTUALISTIC INTERACTIONS 

 

This is the accepted version of the following article: Grinath, J.B., Inouye, B.D. & 

Underwood, N. (In Press). Bears benefit plants via a cascade with both antagonistic and 

mutualistic interactions. Ecol. Lett., which will be published in final form at 

http://onlinelibrary.wiley.com/journal/10.1111/%28ISSN%291461-0248 

 

3.1 Introduction 

Food webs generally only consider antagonistic predator-prey relationships. In this 

context, trophic cascades occur when predators suppress herbivores, indirectly benefiting plants 

(Hairston et al. 1960; Terborgh & Estes 2010; Estes et al. 2011). Typically, predators in higher 

trophic positions are thought to create cascades by preying on intermediate predators, weakening 

predator-herbivore interactions and reducing primary production (Carpenter et al. 1987; Estes et 

al. 1998). However, the cascading influence of predators can be non-intuitive; for instance, fish 

can provide benefits to terrestrial plants by consuming larval dragonflies that as adults are 

predators of pollinators (Knight et al. 2005). The full influence of predators may be difficult to 

anticipate because cascades can be mediated by both antagonistic (negative) and mutualistic 

(positive) species interactions. These different types of interactions are usually measured in 

separate studies, ignoring potentially important links. Though mutualistic interactions are often 

regarded as non-trophic relationships, most mutualisms involve exchanges of resources and can 

be integrated with antagonistic interactions by adopting a consumer-resource perspective of 

ecological webs (Holland et al. 2005; Holland & DeAngelis 2010). To our knowledge only two 

studies have analyzed cascades with both predators comprising a fourth trophic level and 

mutualistic interactions. These studies found that predator-suppression of ants engaged in a 

mutualism with plants can be detrimental for plants (Letourneau & Dyer 1998), and predators 

that increase pollinator visitation can benefit plants (Knight et al. 2005). Both of these studies 

investigated plant-animal mutualisms; the influence of animal-animal mutualisms in cascades 

remains unclear, especially for mutualisms that link predators and herbivores. If predators 
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suppress predator-herbivore mutualisms, can they generate cascading effects that are beneficial 

for plants? 

To answer this question, we investigated the potential for black bears to alter plant 

performance by eating ants that are mutualists of herbivores (Fig. 3.1). Though ants may seem 

like a tiny meal for large-bodied bears, ants are on the menu for many bear species including 

grizzly (Swenson et al. 1999) and sloth bears (Bargali et al. 2004), and black bears in the US 

have a large appetite for ants (Noyce et al. 1997; Baldwin & Bender 2009). Ants are an 

abundant, high-energy food source comprising almost a third of the volume of bear diets in 

Rocky Mountain National Park, Colorado (Baldwin & Bender 2009). We studied a montane 

meadow ecosystem near Almont, Colorado, where black bears forage on ants (Formica 

obscuripes Forel: Formicidae, the dominant ant in this ecosystem) by digging into nests to 

consume immature and adult ants (Fig. 3.1a).  

Because ants interact with many species, bear consumption of ants has the potential to 

cause indirect effects across the ecological community. In this system, ants are mutualists of 

plant-sucking treehoppers, which provide ants with food (honeydew) in return for protection 

from predators (Styrsky & Eubanks 2007; Grinath et al. 2012). This protection is generally 

perceived as a non-consumptive service (Holland et al. 2005; Holland & DeAngelis 2010). Here 

we argue that protection often involves intraguild predation (Letourneau et al. 2009) and should 

be thought of as a combination of density and trait-mediated indirect effects (Werner & Peacor 

2003). Ants cooperatively attack (Fig. 3.1b) and prey on (Fig. 3.1c) other arthropod predators 

that would otherwise consume herbivores when undeterred by ants (Fig. 3.1d). Ant predation on 

arthropod predators creates enemy-free space for treehoppers that can facilitate other herbivores 

(Fritz 1983), such as larval lepidopterans (Fig. 3.1e) (Grinath et al. 2012). In addition to the 

positive effects of ants on herbivores, which are detrimental for plants, ants are also predators of 

herbivores and can indirectly benefit plants by reducing herbivory (Fig. 3.1e) (Styrsky & 

Eubanks 2007; Grinath et al. 2012). Thus the net effect of ants on plants depends on the relative 

contribution of positive and negative component interactions. We previously found that the ant’s 

net effect on rabbitbrush (Chrysothamnus viscidiflorus Nuttall: Asteraceae) plants was reduced 

reproduction, primarily due to the positive effect of ants on treehoppers and the treehopper’s 

negative effect on plants (Fig. 3.1e). In the context of these interactions, bears can be considered  
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Figure 3.1 Photographic evidence and web diagram showing the cascade of effects from bears to 

plants. (a) A bear digs into an ant nest to consume ants; the white arrow is embedded to focus 

viewer attention on nest material pulled back by the bear. (b) The ants are mutualists of 

herbivores, which they benefit by interfering with other arthropod predators, such as ladybeetles. 

(c) This ant protection often results in ant predation of other arthropod predators. (d) Without ant 

suppression, arthropod predators consume herbivores, to the benefit of plants. In the diagram (e), 

reciprocal interactions are indicated by paths that end in circles for organisms that benefit from 

the interaction and arrows for organisms that are negatively affected by the interaction. In a 

previous study, ants had a negative net effect on plants due to the ant-treehopper mutualism and 

the treehopper’s effect on plants (red paths) (Grinath et al. 2012). Interactions between non-ant 

arthropod predators and herbivores are shown in gray to highlight paths that may be altered by 

intraguild predation. The photo in (a) was taken using night-vision photography with a Bushnell 

Trophy XLT trail camera (Bushnell Outdoor Products, Overland Park, KS, USA). 

 

 

a fourth trophic level predator. Though black bears are omnivorous, they do not directly consume 

rabbitbrush and they interact with plants indirectly through their role as predators of ants. 
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We used natural bear damage to ant nests and experimental manipulations to test whether 

bears indirectly influence plants and to decipher the mechanism responsible for this effect. We 

expected that bear damage to ant nests would benefit nearby rabbitbrush plants because bear 

damage may decrease ant-protection for treehoppers and other herbivores. To test this we 

manipulated mutualist treehoppers and ants on rabbitbrush near damaged and undamaged ant 

nests, and analyzed the responses of plants and arthropods to bears. Considering the mechanism 

for bear effects on plants, we hypothesized that predation on ants by bears allowed other 

arthropod predators to devour or deter herbivores, thus benefiting plants. Other mechanisms may 

be operating simultaneously, such as decreased herbivore sanitation when honeydew 

accumulates in the absence of ants (Way 1963). However, we focused on arthropod predators 

because ants are known to benefit treehoppers by providing protection from predators (e.g. 

Cushman & Whitham 1989). To assess this prediction, we used a field experiment manipulating 

the abundances of both foraging ants and non-ant arthropod predators, primarily ladybeetles and 

crab spiders, on rabbitbrush plants with treehoppers. Overall, we found that both mutualistic and 

antagonistic interactions are important in creating a trophic cascade. 

 

3.2 Materials and Methods 

3.2.1 Experimental System 

We analyzed an ecological web within a mountain meadow in Almont, Colorado 

(meadow size = approx. 2 ha, elevation = 2769 m, latitude = 38.719, longitude = -106.816). 

Green rabbitbrush is common in this meadow and hosts phloem-feeding treehoppers (Publilia 

modesta Uhler: Membracidae), which form aggregations of up to several hundred individuals per 

plant (Reithel & Campbell 2008). The treehoppers are patchily distributed across the landscape, 

but are very abundant locally and present on many plant species (Reithel & Campbell 2008). 

Aphids (Aphidae) and leafhoppers (Cicadellidae) also feed on plant phloem and can be 

positively or negatively affected by treehopper-tending ants (Billick et al. 2007; Grinath et al. 

2012). In addition, the ant-treehopper mutualism positively affects larval lepidopterans (tent 

caterpillars and coleophorids) and negatively affects leaf-chewing beetles (Chrysomelidae) 

(Grinath et al. 2012). Ladybeetles (Coccinellidae) and crab spiders (Thomisidae) are prevalent 

predators in this meadow and we refer to these species, together with active-hunting spiders and 

hemipteran predators, as “other arthropod predators”. Black bears (Ursus americanus Pallas: 
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Ursidae) are predators of ants that dig into nests to consume large numbers of immature and 

adult ants (Noyce et al. 1997). We have observed black bears in Almont, and bear presence in 

our meadow was evident from damage to ant nests, paw prints, ant carcass-filled bear feces, 

autosensor trail photography (Fig. 3.1), and bite-marks to field equipment. 

 

3.2.2 Ant Nest Disturbance Surveys 

We surveyed ant nests from 2009 to 2012 to investigate patterns of disturbance to nests. 

In July 2009, we collected data on the incidence of bear damage to 35 focal ant nests. We also 

recorded ant nest activity; we defined inactive nests as those from which no more than one 

worker emerged when the ground next to the nest was beaten by hand. All of these nests were 

active in 2008. Of the 35 focal ant nests, nine were damaged by bear and eleven became inactive. 

Three of these nests were both bear-damaged and inactive; more nests like these may have gone 

undetected in our surveys if ants rebuilt their nest following bear damage and then became 

inactive. We also surveyed randomly selected ant nests for bear damage in the same meadow in 

2010 (55 nests), 2011 (55 nests) and 2012 (50 nests). To improve our understanding of whether 

bear damage caused nests to become inactive, we monitored an additional 36 ant nests for 

damage from 2010 to 2012 and recorded nest activity in September 2012. 

 

3.2.3 Ant Nest Disturbance Experiment 

To investigate the potential for bear damage to ant nests to cause cascading effects on 

plants, in 2009 we performed separate manipulations of treehoppers and ants on 148 rabbitbrush 

plants within 3 meters of the 35 focal ant nests (blocks). We manipulated treehoppers within 

groups of 4 plants surrounding each of 20 ant nests and manipulated ants within groups of 6 

plants surrounding each of 15 ant nests; some groups had fewer observations due to plant death. 

Treehoppers were manipulated by adjusting (i.e. via removal or addition) initial nymph 

abundances (20-30 per plant) on plants on July 9. For treehopper-absent plants, we removed all 

treehoppers found during the experiment. We manipulated ant presence by supplying treehoppers 

to attract ants to experimental plants; for ants-absent plants, ants were excluded with sticky 

Tanglefoot barriers (Tanglefoot Company, Grand Rapids, MI, USA) at the plant’s base. We 

trimmed bridging vegetation around each experimental plant to minimize treehopper migration 
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and ant access from neighboring plants. Data on insects consist of cumulative abundances from 4 

surveys, conducted from mid-July to mid-August. Beetle damage was measured as the percent of 

leaves with beetle-skeletonizing out of 50 haphazardly selected leaves for each plant on August 

10. Plant reproduction was measured by weighing seeds (mg) that were bagged in mesh on 

August 15 and collected on September 16; the initial number of flower buds was surveyed on 

July 13 to account for the plant’s reproductive potential early in the growing season. Plant 

growth was measured as the difference in plant sizes on June 17 and August 14. The size of each 

plant was calculated non-destructively as the volume of a cone from measurements of plant 

height and surface area covered; this volume was converted to aboveground dry biomass with an 

allometric curve we obtained from 40 rabbitbrush from the meadow that were measured, 

collected, and dried at 66 C for 72 hours (gdry plant mass = 0.00568 cm³ - 0.117; P < 0.001, R² = 

0.94).  

We evaluated the effects of ant nest disturbance on plants and insects with generalized 

linear mixed effects models (GLMM) in R v3.1.1 (Zuur et al. 2009, R Development Core Team 

2014) (Fig. 3.3 and Table B.1 in Supporting Information) and structural equation models (SEM) 

in AMOS 5.0.1 (Arbuckle 2003, Grace 2006) (Fig. 3.4, Tables B.2-B.4, and Figure B.1). 

Because we have found that treehopper and ant manipulations have similar effects on this 

community and treehopper and ant abundances are interdependent (Grinath et al. 2012), we 

combined data from both manipulations to form a variable indicating the presence of the 

mutualism. The mutualism was present (78/148 experimental plants) when both ants and 

treehoppers were present, and absent otherwise. We then used GLMMs to model plant and 

arthropod responses as a function of presence of bear damage, nest inactivity, mutualism and 

their interaction, with plants nested within ant nests and ant nests included as a random variable. 

We used the package “nlme” for GLMMs with Gaussian-distributed residuals and “lme4” for 

GLMMs with other distributions. We chose the best model for each response variable by 

comparing Akaike Information Criterion (AIC) scores and visually assessing error distributions. 

Gaussian-distributed models were selected by comparing models with random intercepts vs. 

random slopes and intercepts, followed by comparing models with alternative variance structures 

(varIdent for each explanatory factor combination and main effect). To analyze count data, we 

compared models with Poisson and Negative Binomial error distributions. If an appropriate 

model was not found, we fitted a Gaussian-distributed model to ln(data + 1) transformed data. 
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We used presence/absence data for arthropods with low abundances, and analyzed 

presence/absence and proportional data with models assuming a Binomial distribution. In some 

cases, one to three outlying data points were removed to attain appropriate model fit. In addition, 

zeros were removed from aphid abundance data and extreme values over 15 g of growth were 

removed from plant growth data, thereby focusing on average plant growth, to achieve 

appropriate model fit. To aid interpretation of the GLMMs, we used generalized linear models 

(GLMs; package “MASS”) to analyze the effects of ant and treehopper manipulations on ants, 

treehoppers, and plants. We also used GLMs to assess whether the presence of non-ant arthropod 

predators was correlated with plant responses (Table B.1). All final analyses were conducted 

using analysis of deviance with the “car” package to calculate GLMMs with Type II SS and 

GLMs with Type III SS. 

We used multi-group SEM to understand the paths leading to effects on plants when ant 

nests were undisturbed or bear-damaged. Using our previous knowledge of the system (Grinath 

et al. 2012), we developed SEMs to examine cascading effects from ants to plants via herbivores 

that are influenced by ants (Figure B.1). We included flower buds as a variable representing 

plant quality early in the season. We employed a model pruning strategy to determine whether 

effects of flower buds and unexplained covariances contributed to model fit (Table B.2 and 

Figure B.1). We deleted each path to examine its effect on model fit, and then replaced the 

deleted path before perturbing the next interaction. Following this perturbation, paths were 

retained if their deletion caused lack-of-fit: when χ² P-values < 0.10 and/or when Akaike’s 

information criteria (AIC), root mean error of approximation (RMSEA), and expected cross-

validation index (ECVI) values increased from those of the full model (for at least two of three 

indices). The best-fit model for the entire dataset (Table B.2) was used to compare species’ effect 

sizes when ant nests were undisturbed vs. bear-damaged. Raw per capita effects, total effects, 

and standardized effect sizes were calculated for the best model in each group (Fig. 3.4, and 

Tables B.3 and B.4). We used a P-value threshold of 0.10 in the SEMs because it is analogous to 

interpreting one-tailed t-tests for directional effects, consistent with our previous study in this 

system (Grinath et al. 2012). Difficulty obtaining P < 0.05 in ecological datasets may warrant a 

less conservative threshold for SEMs when complementary analyses provide support (Grace 

2006). We used the GLMMs as complimentary analyses to assist the interpretation of paths in 

the SEMs. To understand how the cascade was influenced by ant nest disturbance, we also 
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evaluated cascading effects by fitting the same SEM to data from all disturbed ant nests (i.e. 

nests that were bear-damaged and/or inactive) and calculated raw and standardized effect sizes 

(Tables B.3 and B.4, and Figure B.1). 

 

3.2.4 Arthropod Predator-Effect Experiment 

To test whether the mechanism for the cascade is through ant suppression of arthropod 

predators, in 2010 we factorially crossed manipulations of foraging ants and abundances of other 

arthropod predators on individual rabbitbrush. A total of 90 rabbitbrush were selected, in groups 

of six surrounding each of 15 active ant nests. Treehopper nymph abundances were adjusted to 

60 initial treehoppers per plant on July 13 and neighboring vegetation was trimmed to restrict 

treehopper and ant movement. We established three levels of ant attendance: a nearly ant-free 

treatment for which we used sticky barriers on plant stems; a 'few ants' treatment, for which we 

removed all ants in weekly surveys; and a control with 'many ants'. Because F. obscuripes 

foragers return daily to the same honeydew-producer aggregations (McIver & Yandell 1998) and 

ant-attendance increases slowly after ant-removals, we expected that the ant-removals would 

create periods of predator vulnerability for treehoppers and other herbivores that benefit from ant 

presence. Reduced or elevated abundances of other arthropod predators were manipulated by 

excluding or enclosing predators on plants enclosed within fibrous “breather” bags (Palm Tree 

Packaging, Apopka, FL, USA). Each bag had one opening at the bottom to allow ant access to 

the plant, and neighboring vegetation was trimmed to minimize migration by insects and spiders. 

We sweep-netted vegetation in the surrounding meadow to add adult ladybeetles (1 per week for 

5 weeks) and crab spiders (1 per week for 4 weeks) to plants in the ‘many arthropod predators’ 

treatment. All arthropod predators other than ants were removed from plants in the ‘few 

arthropod predators’ treatment during weekly surveys. For predator-addition plants, predators 

were added 3-4 days before each data survey. Data on all insects and spiders are cumulative 

abundances from 5 surveys from mid-July to mid-August. Plant reproduction was measured from 

seeds bagged on August 17 and collected September 14; flower bud abundance was surveyed on 

June 28. Plant growth was measured using the non-destructive technique described above as the 

difference between aboveground plant mass on June 22 and August 15. 

The cascade of effects from ants and other arthropod predators to plants was analyzed 

with multi-group SEM (Fig. 3.5, Tables B.5-B.7, and Figure B.1) and GLMs (Table B.8) to 
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compare arthropod predator effects when there were no, few, or many ants. The SEM focused on 

arthropod predator effects on herbivores that benefit from ant presence (treehoppers, larval 

lepidopterans, and leafhoppers) and the herbivores’ effects on plants. Flower bud abundance was 

included as a covariate. We chose to represent treehoppers with the variable “change in 

treehoppers” because many treehoppers were initially supplied to plants; this variable represents 

treehopper survival (Grinath et al. 2012). Change in treehoppers was calculated as abundance in 

the last survey minus abundance at the start of the experiment. We found a best SEM using all 

the 2010 data and the pruning strategy described above (Table B.5), and calculated raw per 

capita effects, total effects, and standardized effects for the best model in all three groups (Fig. 

3.5, and Tables B.6 and B.7). Complimentary GLMs were used to analyze effects on plant traits 

and arthropod abundances. We used ant abundance as a continuous explanatory variable in the 

GLMs; this variable was binned into treatment groups to improve model fit for the plant 

variables. For count data, we compared models with Poisson or Negative Binomial distributions. 

If the models did not fit well, then variables were ln-transformed and analyzed assuming 

Gaussian-distributed errors.  

 

3.3 Results 

Incidence of bear damage to ant nests was highly variable across years. Black bears 

attacked 26% of the focal ant nests in 2009 (Fig. 3.2a) and a similar percentage in 2010 (Fig. 

3.2b). This rose to 51% and 86% of nests receiving bear damage in 2011 and 2012, respectively. 

Additionally, we asked whether bear damage caused nests to become inactive (see methods for 

definition), because inactive nests have few foraging workers that might influence nearby plant 

success. Of the focal nests in 2009, 31% became inactive (Fig. 3.2a). Tracking bear damage to 

ant nests each summer from 2010 to 2012, we found that only nests attacked by bears became 

inactive (Fig. 3.2c). 

We used the bear damage to ant nests in 2009 as a natural experiment to investigate the 

potential for cascading effects from bears to plants. Using GLMM (Table B.1), we found that 

plants had significantly greater seed production near bear-damaged ant nests relative to 

undamaged nests (Fig. 3.3a). Plant reproduction was also significantly lower when the ant-

treehopper mutualism was present (GLMM: Gaussian, χ² = 7.74, P = 0.005). This response was 

due to the indirect effect of ants on plants through species other than treehoppers (Fig. 3.3b);  
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Figure 3.2 Percent of ant nests that were disturbed from 2009 to 2012. (a) In 2009, we 

documented bear damage to ant nests and whether nests were inactive. (b) From 2010 to 2012, 

we identified active nests at the beginning of the summer and surveyed incidence of bear damage 

within each summer. (c) For a separate group of ant nests, we surveyed bear damage from 2010 

to 2012 and then determined nest activity in 2012. 

 

 

mutualist treehoppers did not affect plant reproduction (Fig. 3.3c), suggesting that other 

facilitated herbivores were responsible for the ant effect. We also found that plants grew more 

when bears damaged nearby ant nests (Fig. 3.3d); there was some evidence that this effect may 

have been influenced by interactions among bear damage, nest inactivity, and the ant-treehopper 

mutualism (GLMM: Gaussian, 3-way interaction, χ² = 3.10, P = 0.078).  

Unlike plants, the GLMMs indicate that arthropods did not respond to the main effect of 

bear damage to ants; arthropod abundances were affected solely by the ant-treehopper mutualism 

(Table B.1). Other predators were absent from plants more often when the mutualism was 

present (GLMM: Binomial, χ² = 4.79, P = 0.029). Interestingly, the presence of arthropod 

predators correlated positively with plant reproduction (Fig. 3.3e). Similarities between this 

relationship and the effect of bear damage on seed production (Fig. 3.3a) suggest that non-ant 

arthropod predators contributed to the bear damage effect. In addition, abundances of  
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Figure 3.3 Generalized linear model (GLM) and mixed effects model (GLMM) results for the 

Ant Nest Disturbance Experiment in 2009. (a) We found an effect of bear damage on plant 

reproduction near ant nests (GLMM: Gaussian, χ² = 8.95, P = 0.003). We also found an effect of 

the ant-treehopper mutualism on plant reproduction (GLMM: Gaussian, χ² = 7.74, P = 0.005), 

which was primarily due to the effects of (b) ants (GLM: Gaussian, χ² = 6.75, P = 0.009) and not 

(c) treehoppers (GLM: Gaussian, χ² = 2.05, P = 0.152). Additionally, (d) bear damage to ants 

affected plant growth (GLMM: Gaussian, χ² = 4.69, P = 0.030), and (e) the presence of non-ant 

arthropod predators was correlated with plant reproduction (GLM: Gaussian, χ² = 5.94, P = 

0.015). Abundances of (f) leafhoppers (GLMM: Gaussian, χ² = 9.29, P = 0.002) and (g) larval 

lepidopterans (GLMM: Binomial, χ² = 6.03, P = 0.014) increased in the presence of the 

mutualism. All contrasts are shown as box-and-whisker plots. 

 

 

leafhoppers (Fig. 3.3f) and larval lepidopterans (Fig. 3.3g) increased when the mutualism was 

present, indicating that ant effects on plants may have been caused by facilitation of these 

herbivores. Aphid abundances and beetle damage were unaffected by the factors in the GLMMs 

(Table B.1). 
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Our multi-group SEM (Grace 2006) measured the effects of ants on insect herbivores and 

plant reproduction under varying conditions of ant nest disturbance (Tables B.2-B.4, and Figure 

B.1). When ant nests were undisturbed (neither damaged by bears nor inactive; Fig. 3.4a), ants 

indirectly reduced plant reproduction. The negative effect of ants on plants was dominated by the 

ant’s significant positive influence on herbivorous leafhoppers and the leafhoppers’ negative 

effect on plant reproduction. Ants were strongly associated with mutualist treehoppers, but 

treehoppers did not directly affect plant reproduction. Moreover, ants had moderately strong 

beneficial effects on larval lepidopterans and potentially influenced plants via the lepidopterans’ 

unexpected positive association with plant reproduction. As in our previous study (Grinath et al. 

2012), ants weakly reduced chrysomelid beetle damage to plants, but this did not result in a 

measurable benefit to plants. 

In contrast to the undisturbed conditions, when ant nests were damaged by bears (Fig. 

3.4b) ants had a weaker influence on herbivores and did not affect plant reproduction. Near bear-

damaged nests effects of ants on leafhoppers and larval lepidopterans, as well as effects of 

leafhoppers on plants, were not detected. Ants had a counterintuitive positive effect on beetle 

damage to plants, but beetles did not affect plant reproduction. The ant-treehopper mutualism 

(represented by an unresolved correlation) remained strong under all conditions of ant nest 

disturbance, but the directionality of this effect is unclear. When we fit this SEM to data from 

plants near all the disturbed ant nests (bear-damaged and/or inactive nests) we found a lack of 

cascading effects from ants to plants (Tables B.3 and B.4, and Figure B.1). These results show 

that black bears can indirectly benefit plants by reducing the positive effects of ants on 

herbivores.  

Additional manipulations of ants and non-ant arthropod predators showed that a plausible 

mechanism for the cascade is that plants benefitted when arthropod predators suppressed 

herbivores. Using a multi-group SEM (Tables B.5-B.7, and Figure B.1), we compared effects of 

arthropod predators on plants when there were no, few or many ants. When there were no ants 

(Fig. 3.5a), we found that arthropod predators suppressed treehoppers. When few or many ants 

were present (Fig. 3.5b,c), arthropod predators did not suppress treehoppers and treehoppers 

reduced plant reproduction, the latter effect becoming stronger with more ants. Neither 

leafhoppers nor larval lepidopterans affected plant reproduction. These 2010 results contrast with 

the 2009 data, which showed that ant-facilitated herbivores influenced plant reproduction, but  



33 

 

 
 

 
 

 

Figure 3.4 Structural equation model (SEM) results for the Ant Nest Disturbance Experiment in 

2009. A multi-group analysis showed differences between cascades of effects when ant nests 

were (a) undisturbed and (b) damaged by bears. In the SEMs, independent variables are yellow 

boxes, and dependent variables are white boxes with R² values in the top corner. Single-headed 

paths represent direct effects and double-headed paths (i.e. between independent variables) are 

unresolved covariances/correlations. Significant paths (P < 0.10) are shown in color with raw 

(and standardized) per-capita effect sizes. Positive effects are solid red paths that end in circles, 

negative effects are dashed blue paths that end in arrowheads, and non-significant effects are thin 

black paths without coefficients. Significant paths are weighted by standardized effect size. 

 

 

mutualist treehoppers did not affect plants. Counter to expectation, non-ant arthropod predators 

were positively associated with leafhoppers and lepidopterans. 

Complimentary GLMs support the SEM conclusion that herbivores and plants were 

influenced by interactions between ants and other arthropod predators (Table B.8). Ants and  
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Figure 3.5 Structural equation model results for the Arthropod Predator-Effect Experiment in 

2010.  Multi-group SEMs show how arthropod predators affected herbivores and plants when 

there were (a) no, (b) few, or (c) many ants. The SEMs are interpreted as in Fig. 3.4, with the 

additional note that double-headed arrows are unresolved covariances/correlations. 
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Figure 3.6 Generalized linear model (GLM) results for the Arthropod Predator-Effect 

Experiment in 2010. (a) Non-ant arthropod predators altered the benefits that treehoppers 

received from ants (GLM: Gaussian, χ² = 6.35, P = 0.012). (b) Ants also had an effect on 

leafhopper abundances (GLM: Gaussian, χ² = 11.75, P = 0.001). (c) Ants indirectly affected 

plant reproduction (GLM: Gaussian, χ² = 4.98, P = 0.026), (d) whereas other arthropod predators 

marginally affected plant growth (GLM: Gaussian, χ² = 3.68, P = 0.055). The regressions shown 

are post-hoc linear models; all were significant at P < 0.05. Data in (d) are provided as box-and-

whisker plots. 

 

 

non-ant predators interacted to affect treehopper abundances (Fig. 3.6a), and leafhoppers were 

more abundant on plants with greater ant abundances (Fig. 3.6b). Additionally, plants had lower 

reproduction as foraging ants became more abundant (Fig. 3.6c) and tended to have greater 

growth when non-ant predators were present (Fig. 3.6d). Initial flower bud abundance was a poor 

indicator of seed production in 2010 (Fig. 3.5), which may explain why there was not a 

significant interaction between ants and non-ant predators in the GLM for plant reproduction, for 
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which seeds were standardized by bud abundance. Using flower buds as a separate covariate, the 

SEM indicates that ant and non-ant arthropod predator treatments did interact to affect seed 

production. Altogether, our results indicate that bear predation on ants allowed arthropod 

predators to suppress herbivores and thus benefit plants.  

 

3.4 Discussion 

This study demonstrates that a trophic cascade can depend on the structure and strengths 

of multiple types of interspecific interactions. Though ecological webs are mostly composed of 

weak interactions (Wootton & Emmerson 2005; Vazquez et al. 2012), the mutualism in our 

study system is strong and is a driver of community dynamics (Grinath et al. 2012). Strong 

positive effects of ants on herbivores arise because ants suppress potentially strong predator 

effects on herbivores, via intraguild predation and interference. If protection-service mutualisms 

frequently disrupt strongly-interacting natural enemies, then these mutualisms will influence the 

cascading effects of predators. Protection-service mutualisms are ubiquitous interactions that 

range from endosymbiont bacteria protecting their aphid hosts from minute parasitoids (Oliver et 

al. 2003) to ants that protect host trees from elephant damage (Stanton & Palmer 2011), and 

occur in both terrestrial and marine (Sonnenholzner et al. 2011) systems. There are likely many 

as yet unidentified cascades that depend on protection-service mutualisms. Mutualisms need to 

be integrated into trophic cascade theory to understand the often non-intuitive cascades that 

occur in webs with multiple types of species interactions (Goudard & Loreau 2008; Ings et al. 

2009; Fontaine et al. 2011; Pocock et al. 2012). This integration may be accomplished by 

acknowledging that mutualisms involve consumer-resource relationships and can be considered 

along with antagonistic interactions in a consumer-resource perspective of ecological webs 

(Holland et al. 2005; Holland & DeAngelis 2010). Trophic cascades including mutualisms are 

likely to be important because, in theory, the interplay between antagonistic and mutualistic 

interactions increases the stability of ecological webs (Mougi & Kondoh 2012). 

Our results suggest that the cascade from bears to plants varies from year to year. 

Incidence of bear damage to ant nests was highly variable among years of study, which likely 

altered cascade strength. Years with high percentages of damaged nests coincided with climatic 

conditions that may have caused a scarcity of other food sources for bears (a late spring in 2011, 

drought in 2012). This suggests that bears forage more heavily on ants in harsh environments, 
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indicating the potential for strong cascades in these conditions. Additionally, many species are 

involved in the ecological web connecting bears and plants, and changes in interactions among 

component species will contribute to variation in the cascade. For instance, though the net effect 

of ants on plants was mediated by treehoppers in a previous experiment (Grinath et al. 2012), 

here we found that indirect effects on plants were mediated by leafhoppers in one year and 

treehoppers in the next. This variation is likely the result of changes in enemy-free space for 

herbivores, which could be due to differences in effects of individual arthropod predator species 

or in ant aggressiveness towards predators and herbivores across years. However, if ants 

consistently create enemy-free space for herbivores and these herbivores reduce plant 

performance, then bear damage to ants would consistently benefit plants. Also, though we 

attempted to consider all important species, rare species may have gone unnoticed and 

contributed to the variability we observed.  

Several of our results were counter to expectation; some paths in the SEMs that we 

expected to be negative were found to be positive. For the effect of larval lepidopterans on plant 

reproduction, this positive association could have arisen from plants responding with 

compensatory seed production, or from herbivores benefiting from plants with greater seed 

production. For effects of ants on beetle damage and of non-ant predators on lepidopterans and 

leafhoppers, such positive paths could have occurred if predators alleviated competition between 

prey, or if predators were attracted to plants with these prey. Further study is required to explain 

these relationships and resolve the direction of causality (Grace 2006). 

We found evidence suggesting that bears benefitted plants by allowing non-ant arthropod 

predators to suppress herbivores, but other mechanisms may have contributed to the cascade. For 

instance, bear damage could alter the nutritional demands of ant colonies. As ants rebuild nests 

following bear damage, ant colonies may demand greater amounts of protein to feed new larval 

production. This could increase predation by ants on herbivores and cause facilitation to switch 

to predation. Alternatively, bear damage to nests could alter ecosystem engineering by ants. This 

ant species builds nests composed of twigs, leaves, and other plant material (Weber 1935), 

creating a patchy distribution of plant litter. After bear damage, ants may modify their demand 

for plant material to reconstruct nests and thereby alter the soil environment in ways that benefit 

plants. For example, sagebrush is co-dominant with rabbitbrush at our field site and is known to 

have allelopathic properties (Preston et al. 2002). Ants may increase collection of sagebrush 
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litter following bear damage and alter allelopathic effects on rabbitbrush. Additional study is 

necessary to decipher the relative contribution of multiple potential mechanisms for generating 

this cascade. 

We found an effect of black bears on plants through a surprising cascade of interactions. 

Disturbances to predators can destabilize food webs (May 1973; O’Gorman & Emmerson 2009) 

and alter ecosystem functioning (Terborgh & Estes 2010; Estes et al. 2011), and disturbances to 

black bears may have similar consequences. Black bear populations are affected by human 

encroachment and hunting, as well as by provisioning of food from humans. In recent decades 

bears in Colorado have increased their consumption of human-derived foods while decreasing 

their consumption of insects (Baldwin & Bender 2009). We expect that in locations where bears 

rely heavily on food from humans or decrease in abundance, the strength of cascades on plants 

may weaken, potentially shifting plant diversity. The ant, treehopper and plant species that we 

studied are common throughout western North America (Cushman & Whitham 1989; Jurgensen 

et al. 2005; Tilley & St. John 2012). Additionally, the treehopper species in our study feeds, and 

is tended by ants, on over 15 plant species (Reithel & Campbell 2008), and numerous herbivore 

species (e.g. aphids, scales) on other plants are mutualistic partners with the ants we studied. 

Thus bears could have indirect effects on the majority of plant species in this ecosystem, and 

may influence coexistence among plant species via pathways that depend on multiple types of 

ecological interactions. Rabbitbrush plants reproduce only by seed, and our results suggest that 

bears are important for maintaining high seed production and potentially the local dominance of 

this plant, though whether rabbitbrush recruitment is seed or site limited is unknown. Land 

managers should be mindful that, like many predators (Terborgh & Estes 2010; Estes et al. 2011, 

Ripple et al. 2014), bears can cause cascading effects on plants. 
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CHAPTER FOUR 

LOW-LEVEL NITROGEN DEPOSITION DISRUPTS A                 

TROPHIC CASCADE 

 

The following work is formatted for submission to the journal Science. Materials and 

methods for this chapter can be found in Appendix C. 

 

4.1 Main Text 

Human activities have substantially increased nitrogen (N) deposition over large areas 

that have historically been limited by N availability (Vitousek et al. 1997; Galloway et al. 2008). 

This additional N has the potential to dramatically affect recipient ecosystems. Even small 

increases in N deposition can alter plant performance and diversity (Clark & Tilman 2008; 

Bobbink et al. 2010). Often, N deposition results in higher plant quality for herbivores, leading 

to greater herbivory (Throop & Lerdau 2004). Predators frequently suppress herbivores and 

indirectly benefit plants via “trophic cascades” (Hairston et al. 1960; Estes et al. 2011; Ripple et 

al. 2014), and the strength of these interactions may depend on N availability. Nitrogen 

deposition can cause stronger cascades by increasing food quality and quantity across trophic 

levels (Strauss 1987; Power 1992; Hall et al. 2007), or weaker cascades if resources become 

more resistant (via increased defense or tolerance) to consumer influences (Schmitz 1994; 

Schmitz et al. 2000). However, the available evidence for N deposition effects on cascades only 

comes from studies of high-level N deposition (> 25 kg/ha/yr) (Strauss 1987; Schmitz 1994). 

Most terrestrial ecosystems currently receive low-level N deposition (5-10 kg/ha/yr) (Galloway 

et al. 2008; Bobbink et al. 2010), and it is unclear whether this subtle N enrichment has any 

effect on cascades. 

In this study, I asked: does low-level N deposition alter a cascade of effects on plants? To 

answer this, I performed a N enrichment experiment in a sagebrush meadow in Colorado, where 

black bears (Ursus americana) are predators of ants (see Appendix C for materials and methods). 

Ants are a staple food for bears (Baldwin & Bender 2009), and bears indirectly benefit 

rabbitbrush plants (Chrysothamnus viscidiflorus) by consuming the dominant ant (Formica 

obscuripes) in the experimental meadow (Grinath et al. In Press). This ant has a mutualistic 



40 

 

(positive) relationship with the dominant herbivore, a sap-sucking treehopper (Publilia modesta) 

that exchanges food for ant protection from other arthropod predators (Grinath et al. In Press). 

The mutualism reduces plant reproduction (Grinath et al. 2012); yet, bears reduce ant protection 

and allow other arthropod predators to suppress herbivores and thus benefit plant reproduction 

(Grinath et al. In Press). In previous work, high-level N enrichment caused the same treehopper 

and ant species to increase in abundance and drive a large reduction in beetle damage to a 

different plant species: sagebrush (Strauss 1987). Therefore, I expected that N additions would 

cause stronger treehopper and ant effects on rabbitbrush, thereby strengthening the indirect effect 

of bears on plants. 

I combined experimental manipulations and natural bear damage to test for interactions 

between the effects of N deposition and bears. Ambient N deposition at the field site is very low 

(~2 kg/ha/yr) and is thus an appropriate baseline for understanding elevated N deposition effects 

in other sagebrush ecosystems. I simulated a total N deposition rate of 7 kg/ha/yr, a common rate 

in the western US (Fenn et al. 2003; Greaver et al. 2012). For three summers, I added slow-

release fertilizer (NH4NO3) to half of 36 ant enclosures that had a single dominant ant nest in 

each enclosure. In the third summer, I measured whether ant nests had become inactive, 

indicating that bears had severely damaged the ant colony (Grinath et al. In Press). Inactive ant 

nests have few foraging workers to interact with arthropods and plants; therefore I used nest 

inactivity as an index of the bears’ effect on the community. Bears caused nest inactivity in four 

enclosures with ambient N deposition, and three enclosures with N additions. Also during the 

third summer, I factorially manipulated ant and treehopper presence on individual rabbitbrush in 

each enclosure to evaluate mechanisms linking the effects of N and bears. Then I analyzed plant 

and arthropod responses to N additions, bears, ants, and treehoppers. 

Low-level N enrichment altered the indirect effect of bears on plants. To evaluate 

whether the plant’s overall phenotype responded to N and bears, I used a permutational 

multivariate analysis of variance (PerMANOVA) for the combined response of five plant traits 

(seed production, growth, leaf N and carbon concentrations, and leaf damage).  I found that N 

additions and bears had interacting effects on the plant phenotype (F1, 31 = 2.807, P = 0.026; 

Table C.1). To understand this result, I analyzed single plant trait and arthropod responses with 

generalized linear mixed effects models (GLMMs; Table C.2). 
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Figure 4.1 Plant trait responses. Traits that responded to N enrichment are depicted as boxplots 

with N-enriched conditions in gray; other trait responses are bar graphs (mean ± 1SE). (a) 

Interacting effects of N additions and bears on plant reproduction (χ² = 6.12, P = 0.013). (b) 

Interacting effects of N additions, bears and ants on chewing damage to leaves (χ² = 5.37, P = 

0.021). (c) Nitrogen enrichment effect on leaf C concentration. Lowercase letters denote 

significant post hoc contrasts in graphs with interacting treatments; non-significant contrasts are 

not shown for clarity. 

 

 

Bears had indirect effects on plant reproduction and leaf damage when N-levels were 

ambient, but not when N was elevated. Under ambient N conditions, plant reproduction 

increased when bears caused ant inactivity, as expected (Fig. 4.1a). Yet, plant reproduction was 

unchanged across bear treatments in N-enriched conditions. Also, because ants suppress leaf-

chewing beetles (Strauss 1987; Grinath et al. 2012), bear suppression of ants may indirectly 
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increase leaf damage. Chewing damage was greatest when bears suppressed ants under ambient 

N, and consistently lower under elevated N (Fig. 4.1b). Interestingly, this result depended on ant 

treatment when ants were suppressed by bears. As bears remove the dominant ant species, 

subordinate ant species may colonize the habitat patches and fill the role as predators of beetles. 

Supporting this interpretation, subordinate treehopper-tending ants were most abundant when 

bears suppressed the dominant ant (Treehopper X Bear effect: χ² = 4.83, P = 0.026). 

Likely, the cascade was altered by N enrichment effects on plant chemistry. Leaf carbon 

(C) concentrations were higher in N-enriched enclosures (Fig. 4.1c); a result independent of 

other experimental factors. Enhanced plant C generally does not benefit phloem feeders, which 

are limited by N more than C (Sterner & Estes 2002). Additional C could be used for plant 

defense; rabbitbrush contain C-based metabolites such as terpenes (Ahmed et al. 2006) that 

potentially provide defense against herbivores (Throop & Lerdau 2004) and may be promoted by 

greater photosynthetic capacity in enriched environments (Nunes-Nesi et al. 2010). 

Plant quality was low for chewing herbivores in N-enriched conditions (i.e. when plant C 

was greatest) and when treehoppers were present (Table C.2b). Under ambient N, leaf-chewing 

beetles were most abundant when sap-sucking treehoppers were absent, and sharply decreased in 

abundance when treehoppers were present (Fig. 4.2a). Beetle abundances were not influenced by 

treehoppers in N-enriched conditions, suggesting greater plant defense against beetle herbivory. 

Additionally, leaf-chewing caterpillars were least abundant in N-enriched conditions when 

treehoppers were present (Fig. 4.2a), even though caterpillars often benefit from enemy-free 

space provided by the ant-treehopper mutualism (Grinath et al. 2012; Grinath et al. In Press).  

Sap-sucking herbivores tended to benefit from N additions, but this did not result in 

greater damage to plants. Leafhoppers were most abundant in N-enriched conditions, under 

special circumstances (when competing treehoppers were absent but ants deterred predators; Fig. 

C.1). Dominant treehopper abundances on the individual experimental plants were unaffected by 

N additions (Table C.2b), however these abundances were manipulated initially. I also measured 

treehopper responses as densities on rabbitbrush in two 1-m² plots/enclosure during the third 

summer of study. There were greater densities of treehoppers when N was added (Fig. 4.2c, 

Table C.3). 

To further understand how changes in plant chemistry affected herbivores, I investigated 

N enrichment effects on treehopper CN body chemistry. Treehopper C concentrations decreased  
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Figure 4.2. Herbivore responses. (a) Interacting effects of N additions and treehoppers on 

chewing beetles (χ² = 11.03, P < 0.001). (b) Interacting effects of N additions and treehoppers on 

chewing caterpillars. Nitrogen enrichment effect on treehopper (c) densities and (d) C 

concentration. Lowercase letters denote significant post hoc contrasts in graphs with interacting 

treatments; non-significant contrasts are not shown for clarity. Post hoc comparisons for 

caterpillars in (b) were determined by the presence of > 1 caterpillar within each treatment group. 

 

 

in response to N additions (Fig. 4.2d), which may indicate that treehopper C assimilation 

efficiency decreased under elevated N. Though larger treehopper densities on rabbitbrush 

suggest that plants were greater quality for treehoppers under N enrichment, this C concentration 

result suggests that N enrichment reduced plant quality for treehoppers. These contrasting results 

may be reconciled if N additions caused some plants to became more susceptible to treehoppers 

while other plants became more resistant. Supporting this hypothesis, a previous study in the 
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same system found great heterogeneity in the quality of rabbitbrush for treehoppers (Abbot et al. 

2008). 

Lastly, arthropod predator abundances were unaffected by N enrichment (Tables C.2, 

C.3). Nitrogen additions did not influence abundances of dominant ants, subordinate ants, or 

solitary arthropod predators on the experimental plants. Additionally, ant densities on 

rabbitbrush in the two 1-m² plots were unaffected by N additions. Altogether, low-level N 

enrichment caused the cascade to become weak because plants were more resistant to herbivores. 

These results indicate that even low-level N deposition can alter the relative strength of 

resource and consumer forces in ecological communities. Ecologists have long debated over the 

relative importance of resources and consumers for structuring ecological communities (Hairston 

et al. 1960; Strauss 1987; Power 1992; Schmitz 1994; Cebrian 1999; Schmitz et al. 2000; Hall et 

al. 2007; Gruner et al. 2008; Estes et al. 2011; Ripple et al. 2014). My study supports a growing 

consensus that fertilization primarily benefits plants and not consumers (Borer et al. 2006). Yet it 

is difficult to predict how N deposition will influence consumer control of community structure. 

For example, the results of my study are opposite those found for the same dominant herbivore 

and ant species under much higher levels of N deposition (Strauss 1987). These contrasting 

results are similar to the findings of other fertilization studies, which have shown that cascades 

do not consistently become stronger with fertilization (reviewed in Borer et al. 2005). To predict 

N deposition effects on cascades, we need a synthetic theory that organizes many potential 

ecological responses in a mechanistic framework. It is imperative that we develop such a 

predictive framework, because cascades have important effects on ecosystem stability and 

functioning (Estes et al. 2011; Ripple et al. 2014) that could be altered by N deposition. 

Many terrestrial environments have elevated, yet low-level, N deposition, and cascades 

are likely changing as a result. There is a growing need to understand the ecological 

consequences of low-level N deposition, and new policies may be required to avoid detrimental 

repercussions of N deposition (Greaver et al. 2012). The principal policy tool for regulating N 

deposition is the ‘critical load’, which defines a threshold below which no harmful effects are 

caused (Bobbink et al. 2010; Pardo et al. 2011). Critical loads have been used to regulate air 

pollutants in Europe (Bobbink et al. 2010), and have recently been measured across the U.S. 

(Pardo et al. 2011). These critical rates are often very low (Bobbink et al. 2010; Pardo et al. 

2011), suggesting that nearly any increase in N deposition will lead to unwanted ecological 
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change. My results suggest that sagebrush ecosystems are indeed sensitive to very modest N 

enrichment, supporting a low critical load. Numerous sagebrush ecosystems experience N 

deposition that may exceed their critical loads (Fenn et al. 2003; Greaver et al. 2012), which 

could alter species coexistence and community structure, and ultimately affect ecosystem 

functioning and the services these environments provide for humans. Further investigations of 

the consequences of low-level N deposition (Clark & Tilman 2008) are essential for developing 

appropriate policies to control N pollution. 
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CHAPTER FIVE 

CONCLUSIONS 

 Trophic cascades are common ecological dynamics in food webs, and studies of trophic 

cascades have highlighted the importance of predators for shaping ecological community 

structure and the functioning and stability of ecosystems (Hairston et al. 1960; Terborgh & Estes 

2010; Estes et al. 2011). This large body of work has focused on antagonistic species 

interactions, however mutualistic species interactions co-occur with antagonistic interactions in 

many ecosystems and can influence the outcomes of cascades. Similar to antagonistic 

interactions, nearly all mutualisms can be viewed as consumer-resource relationships (Holland et 

al. 2005; Holland & DeAngelis 2010), and consideration of these different types of interspecific 

interactions can be unified by a consumer-resource perspective of ecological webs.  

 My dissertation evaluated trophic cascades in an antagonistic/mutualistic ecological web. 

Previous studies have found that mutualisms frequently affect the outcomes of tri-trophic 

cascades (Messina 1981; Suttle 2003; Styrsky & Eubanks 2007; Trager et al. 2010; Romero & 

Koricheva 2011); much less in known about whether mutualisms affect cascades originating 

from higher trophic levels (but see Letourneau & Dyer 1998; Knight et al. 2005). Additionally, 

the ecological mechanisms that determine the outcomes of cascades in these studies are often 

unclear. To fully understand the importance of predators in ecological communities, we need 

mechanistic assessments of cascades from predators to plants in webs that include multiple types 

of species interactions. 

 I used a series of field experiments to discern plant responses to cascades that include 

both antagonistic and mutualistic species interactions, and to understand the mechanisms leading 

to these effects. I focused on an experimental system that includes a mutualism between 

honeydew-tending ants and honeydew-producing treehoppers, and other positive (facilitation) 

and antagonistic (predation, herbivory) interspecific relationships. Ants simultaneously had a 

positive effect on treehoppers and a negative effect on herbivorous beetles, which resulted in 

reduced beetle damage to plants that hosted the mutualism. These results are similar to other 

studies that have evaluated honeydew-tending ant effects on beetle herbivory (Messina 1981; 

Styrsky & Eubanks 2007). Next, I decomposed the ant’s net indirect effect on plants by 

describing interaction strengths throughout the insect herbivore community. Counter to the 
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majority of studies documenting positive indirect effects of honeydew-tending ants on plants 

(Styrsky & Eubanks 2007), I found that the ant’s net effect was reduced plant reproduction. 

Similar to the distribution of few strong and many weak interactions in ecological webs 

composed of single types of species interactions (Paine 1992; Wootton & Emmerson 2005; 

Vazquez et al. 2012), the ant-treehopper mutualism was the only strong interaction contributing 

to the net indirect effect; predation, herbivory, and facilitation were weak by comparison. Also, 

the ant’s net effect on plants was partially due to behavioral changes of mutualist herbivores in 

response to ants, which is akin to the non-consumptive, behaviorally-mediated effects that are 

common in cascades of antagonistic interactions (Schmitz et al. 1997; Werner & Peacor 2003). 

Furthermore, I found that the treehopper’s effect on ant foraging was largely responsible for the 

ant’s effects on other herbivores and plants. Overall, this study demonstrates that mutualisms can 

be strong relative to negative direct interspecific relationships and can drive indirect interactions 

across ecological webs.  

 To evaluate effects of a fourth trophic level predator in this antagonistic/mutualistic web, 

I investigated whether black bear predation on ants results in a cascade of effects on arthropods 

and plants. I found that black bears frequently damage ant nests, which can cause nests to 

become inactive and have few foraging workers to interact with other arthropods and plants. In 

food webs, predators in the fourth trophic level prey on intermediate predators, which can reduce 

predation on herbivores and result in greater herbivore damage to plants. However because ants 

indirectly reduce plant reproduction, I expected that bear damage to ants would benefit plants. I 

found that plants near bear-damaged ant nests had greater reproduction than plants near 

undamaged nests. This plant response was due to weaker ant protection for herbivores, which 

allowed other arthropod predators to suppress herbivores and benefit plants. These results reveal 

a novel cascade by which predators can influence plants. Predators are often conservation 

targets, and this study suggests that land managers should be mindful that bears and other 

predators can influence primary producers through many paths and types of species interactions. 

Widespread, low-level nitrogen (N) deposition often enhances plant quality for 

herbivores and increases rates of herbivory (Throop & Lerdau 2004), but it is not known if this 

small anthropogenic nutrient enrichment affects trophic cascades. Investigating the same 

treehopper and ant species in another system, a previous study found that high levels of N 

enrichment benefitted treehoppers, increased ant foraging and thereby reduced beetle damage to 
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plants (Strauss 1987). Therefore I expected low-level N enrichment to cause stronger ant effects 

on herbivores and a stronger indirect effect of bears on plants. Counter to this expectation, I 

found that the cascade from bears to plants was weak in N-enriched conditions. Low-level N 

enrichment reduced plant quality for herbivores and increased plant tolerance of herbivores, 

which altogether caused plants to become more resistant to herbivores. At the same time, 

predator effects did not become stronger due to N enrichment and did not promote a greater 

cascade. Cascades frequently do not occur or are weak when plants are resistant to herbivores 

(Schmitz et al. 2000), and nutrient enrichment may often promote this resistance (Schmitz 1996; 

Borer et al. 2005). Low-level N deposition is common across much of the world and is having 

widespread fertilization effects (Vitousek et al. 1997; Galloway et al. 2008; Bobbink et al. 

2010). My results suggest that current rates of N deposition may be disrupting trophic cascades 

in many ecosystems. Further study of trophic cascade responses to N deposition and other 

anthropogenic drivers of global change are needed to anticipate cascades in altered 

environments. These studies are important because changes in cascades can alter ecosystem 

functioning (Terborgh & Estes 2010; Estes et al. 2011) and potentially jeopardize the services 

that humans receive from ecosystems. 

 In sum, I found that mutualisms can be essential to understanding trophic cascades in an 

ecological web with multiple types of species interactions. These results highlight the need to 

integrate mutualisms into trophic cascade theory, which is based primarily on antagonistic 

relationships. Such an integration can be achieved by adopting a perspective that both 

antagonistic and mutualistic species interactions are consumer-resource relationships and should 

be considered in the same ecological web. This perspective has the potential to lead to great 

progress in community ecology because positive and negative species interactions frequently co-

occur and may often have interdependent effects on ecological dynamics. 
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APPENDIX A 

SUPPLEMENTARY MATERIALS FOR CHAPTER TWO 

Table A.1 2007 Ant x Beetle Experiment univariate and MANOVA results.  

 

 

2007 Experiment Ants Beetles A x B
Insect Variables Test Test Stat Transform df Stat P Stat P Stat P

Treehoppers

Adults ANOVA: D F ln(+1) 2,78 7.48 0.008 0.50 0.609 0.67 0.513

2nd Instar Nymphs¹ RM ANOVA F ln(+1) 8,83 2.74 0.034²³ 1.85 0.163 0.43 0.650

3rd Instar Nymphs¹ RM ANOVA F ln(+1) 8,83 7.60 <.001²³ 0.15 0.860 0.60 0.553

4th Instar Nymphs¹ RM ANOVA F ln(+1) 8,83 7.58 <.001²³ 0.71 0.496 0.41 0.662

5th Instar Nymphs ANOVA: D F ln(+1) 2,78 24.10 <.001 2.00 0.143 0.61 0.548

Total Nymphs¹ RM ANOVA F ln(+1) 8,83 2.54 0.046²³ 0.38 0.682 0.39 0.682

Total Membracids MANOVA Wilks λ ln(+1) 5,74 0.63 <.001* 0.87 0.415 0.94 0.913
M. schyzonycha  Beetles

Adult Total Abundance^ GLM: QP t 0 56 2.31 0.025 -0.60 0.554 -0.30 0.764

Plant Variables Test Test Stat Transform df Stat P Stat P Stat P

Growth Between Years

Volume cm³ ANOVA: D F z 2,69 1.26 0.266 1.47 0.237 0.28 0.756

Herbivory

Adult M. schyzonycha ¹ RM ANOVA F ln(+1) 6,78 8.12 0.006 0.13 0.879 0.37 0.692
Ambient M. schyzonycha ¹ RM ANOVA F ln(+1) 3,25 3.80 0.062

 
 

 

Table notes: 

Bold statistics are significant at P = 0.05 or marginally significant at P = 0.10 

Superscripts: 1 = time was a significant factor in the analysis 

2 = a significant interaction between time and ants is reported here, not the main effect of ants 

3 = the main effect is significant in addition to the interaction with time reported 

0 = the summed measure of the differences between beetle treatment levels and their abundance in the following survey 
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Table A.1 - continued  

 * = all univariate results from this MANOVA were significant for ants, but not beetles or their statistical interaction with ants 

 ^ = ambient beetle treatment data were dropped from this analysis 

Tests:  ANOVA: D = ANOVA with Type III SS performed using the Drop-1 procedure on cumulative abundance data in R 

 GLM: QP = Quaispoisson-distributed GLM on cumulative abundance data in R 

 MANOVA = Multivariate ANOVA on cumulative abundance data in R 

 RM ANOVA = Repeated Measures ANOVA on abundance and herbivory data through time in SAS 

Transform: data was transformed by either ln(data + 1), a z-transformation [(data-mean)/S.D.], or was not transformed, denoted by “0”  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 

 

Table A.2 2008 Ant-Effect Experiment and Treehopper-Effect Experiment univariate and MANOVA results.  Results in the Ants-

column are from the Ant-Effect Experiment and results in the Treehoppers-column are from the Treehopper-Effect Experiment. 

 

 

2008 Experiments: Ants Treehoppers
Insect Variables Test Test Stat Transform df Stat P df Stat P

Ants

Honeydew-tending Ants RM ANOVA F ln(+1) 2,77 11.60 <.001¹²³

Leaf-miners

Agromyzid Fly Larvae GLM: QP t 0 73 1.38 0.172 77 0.45 0.653
M. schyzonycha  Larvae GLM: G t ln(+1) 73 1.03 0.308 77 -0.47 0.639

Total Leaf-mining Larvae GLM: G t ln(+1) 73 1.61 0.113 77 -0.32 0.750

Total Leaf-mining Larvae MANOVA Wilks λ ln(+1) 2,72 0.97 0.312 2,76 1.00 0.875

Lepidopterans

Lepidopteran Larvae GLM: QP t 0 73 -2.30 0.024 77 -0.72 0.471

Treehoppers

Treehopper Adults GLM: QP t 0 73 -0.91 0.368 77 -1.70 0.093

Treehopper Nymphs RM ANOVA F ln(+1) 2,73 26.24 <.001¹²³

Other Phloem Feeders

Aphids RM ANOVA F ln(+1) 2,73 0.40 0.530¹ 2,77 2.44 0.122¹

Ciccadellids: Species 1 GLM: QP t 0 73 0.81 0.422 77 -0.01 0.996

Ciccadellids: Species 2 GLM: P z 0 73 0.67 0.503 77 0.97 0.330

Ciccadellids: Other Species GLM: QP t 0 73 1.97 0.052 77 0.45 0.652

Total Other Phloem Feeders RM ANOVA F ln(+1) 2,73 3.09 0.052¹² 2,77 3.87 0.025¹²

Total Other Phloem Feeders MANOVA Wilks λ ln(+1) 4,70 0.96 0.547 4,74 0.96 0.497

Plant Variables Test Test Stat Transform df Stat P df Stat P

Growth

Volume cm³ GLM: G t z 73 1.04 0.300 77 2.00 0.049

Herbivory

Adult M. schyzonycha RM ANOVA F ln(+1) 2,73 0.01 0.942¹ 2,77 0.04 0.842¹
Larval M. schyzonycha RM ANOVA F ln(+1) 2,73 0.81 0.372¹ 2,77 2.73 0.103
Total M. schyzonycha RM ANOVA F ln(+1) 2,73 0.26 0.613¹ 2,77 0.95 0.334¹
Last Survey Total M. schyzonycha MANOVA Wilks λ ln(+1) 2,72 0.99 0.594 2,76 0.98 0.510

Reproduction

Seed Production mg GLM: G t ln(+1) >0 59 1.64 0.107 22 1.10 0.282

Seed (mg) per Initial Flower Bud GLM: G t z 57 2.74 0.008 22 -1.59 0.126  
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Table A.2 - continued 

Table notes: 

Bold statistics are significant at P = 0.05 or marginally significant at P = 0.10 

Superscripts: 1 = time was a significant factor in the analysis 

2 = a significant interaction between time and ants is reported here, not the main effect 

3 = the main effect is significant in addition to the interaction with time reported 

0 = zeros were dropped from the data before analysis 

Tests:  GLM: G = Gaussian-distributed GLM on cumulative abundance data in R  

GLM: P = Poisson-distributed GLM on cumulative abundance data in R 

GLM: QP = Quaispoisson-distributed GLM on cumulative abundance data in R 

 RM ANOVA = Repeated Measures ANOVA on abundance and herbivory data through time in SAS 

Transform: data was transformed by either ln(data + 1), a z-transformation [(data-mean)/S.D.], or was not transformed, denoted by “0” 
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Table A.3 Structural equation model (SEM) estimates of unstandardized direct interaction strengths measured as per capita (partial 

covariance) effects for the Ant-Effect SEM and Multi-Group SEM analyses. 

 

 

Direct Effect Variables Ant-Effect SEM Ants Present Group Ants Absent Group

Independent Dependent Estimate S.E. P Estimate S.E. P Estimate S.E. P
Ants Beetle Chewing -0.215 0.093 0.020

Change in Treehoppers 1.376 0.175 <.001

Larval Lepidopterans -0.001 0.010 0.908

Leaf-miners -0.014 0.092 0.879

Other Phloem Feeders -0.273 0.194 0.159

Beetle Chewing Plant Reproduction 1.938 2.227 0.384 2.791 1.645 0.090 1.770 3.934 0.653

Change in Treehoppers Plant Reproduction -1.453 0.853 0.089 -0.280 0.554 0.614 -2.047 5.094 0.688

Larval Lepidopterans Plant Reproduction -7.701 19.429 0.692 -3.063 11.477 0.790 9.042 65.239 0.890

Leaf-miners Plant Reproduction 0.304 2.281 0.894 0.859 1.702 0.614 -0.603 4.109 0.883

Other Phloem Feeders Plant Reproduction 0.367 1.011 0.717 0.919 1.035 0.375 0.111 1.496 0.941

Flower Buds Beetle Chewing -0.002 0.005 0.640 -0.003 0.005 0.553

Change in Treehoppers 0.033 0.013 0.011 0.000 0.003 0.936

Larval Lepidopterans 0.000 0.001 0.433 0.000 0.000 0.610

Leaf-miners -0.004 0.003 0.142 -0.004 0.004 0.318 -0.006 0.005 0.215

Other Phloem Feeders 0.030 0.007 <.001 0.019 0.007 0.006 0.036 0.011 0.002

Plant Reproduction 1.810 0.067 <.001 1.559 0.053 <.001 1.901 0.119 <.001

Unresolved Covariance Variables
Beetle Chewing Leaf-miners 17.212 6.078 0.005 8.088 7.382 0.273 24.639 10.032 0.014  

 

 

Table notes: 

Bold statistics are significant at P = 0.05 or marginally significant at P = 0.10 
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Table A.4 Matrices for total net effects standardized by their standard deviations in the (a) Ant-Effect SEM and the (b) Multi-Group 

SEM. Bold numbers indicate effects influenced by significant or marginally significant direct effects in Table A.3. 

  

 

(a) ANT-EFFECT SEM Beetle Change in Larval Other Phloem Flower

Ants Chewing Treehoppers Lepidopterans Leaf-miners Feeders Buds

Beetle Chewing -0.260 0 0 0 0 0 0

Change in Treehoppers 0.674 0 0 0 0 0 0

Larval Lepidopterans -0.013 0 0 0 0 0 0

Leaf-miners -0.017 0 0 0 0 0 -0.157

Other Phloem Feeders -0.144 0 0 0 0 0 0.446

Plant Reproduction -0.047 0.030 -0.055 -0.013 0.005 0.013 0.964

(b) MULTI-GROUP  SEM Beetle Change in Larval Other Phloem Flower

ANTS PRESENT Chewing Treehoppers Lepidopterans Leaf-miners Feeders Buds

Beetle Chewing 0 0 0 0 0 -0.076

Change in Treehoppers 0 0 0 0 0 0.381

Larval Lepidopterans 0 0 0 0 0 -0.127

Leaf-miners 0 0 0 0 0 -0.161

Other Phloem Feeders 0 0 0 0 0 0.407

Plant Reproduction 0.049 -0.015 -0.008 0.015 0.028 0.984

ANTS ABSENT
Beetle Chewing 0 0 0 0 0 -0.097

Change in Treehoppers 0 0 0 0 0 -0.013

Larval Lepidopterans 0 0 0 0 0 -0.084

Leaf-miners 0 0 0 0 0 -0.200

Other Phloem Feeders 0 0 0 0 0 0.459

Plant Reproduction 0.026 -0.021 0.007 -0.009 0.004 0.954  
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Table A.5 Treehopper-Effect SEM nested model selection. A best model was selected using a model pruning strategy, where paths 

(labeled A through K in Fig. A.3a) were sequentially deleted and evaluated for their contribution to model fit with AIC, RMSEA and 

ECVI indices. Paths were retained in subsequent models if they were significant and/or caused increased index scores when deleted. 

Model 11 was selected as the best model, with an acceptable X² probability and the lowest AIC, RMSEA and ECVI scores of all 

models considered. 

 

 

Path Path

Model Deleted Retained df X ² P AIC RMSEA ECVI

1 none 5 5.3 0.381 65.3 0.027 0.837

2 A 6 5.5 0.481 63.5 0 0.814

3 B + 7 16.0 0.025 72.0 0.128 0.923

4 C 7 5.6 0.583 61.6 0 0.790

5 D 8 5.6 0.687 59.6 0 0.765

6 E + 9 20.6 0.014 72.6 0.129 0.931

7 F 9 6.9 0.649 58.9 0 0.755

8 G 10 7.1 0.711 57.1 0 0.733

9 H + 11 10.7 0.471 58.7 0 0.752

10 I + 11 9.7 0.554 57.7 0 0.740

11 J 11 7.4 0.766 55.4 0 0.710

12 K + 12 13.1 0.361 59.1 0.035 0.758  
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Table A.6 Structural equation model (SEM) estimates of unstandardized direct interaction 

strengths measured as per capita (partial covariance) effects for the Treehopper-Effect SEM 

analysis. 

 

 

Direct Effect Variables Membracid-Effect SEM

Independent Dependent Estimate S.E. P
Ants Beetle Chewing -0.245 0.206 0.234

Larval Lepidopterans 0.021 0.017 0.206

Leaf-miners -0.152 0.116 0.191

Other Phloem Feeders -0.032 0.174 0.853

Treehoppers Ants 0.131 0.013 <.001

Flower Buds Larval Lepidopterans 0.001 0.000 <.001

Other Phloem Feeders 0.014 0.003 <.001

Unresolved Covariance Variables
Beetle Chewing Larval Lepidopterans 1.488 0.947 0.116

Beetle Chewing Other Phloem Feeders 17.742 9.921 0.074

Larval Lepidopterans Other Phloem Feeders 1.845 0.813 0.023  

 

 

Table notes: 

Bold statistics are significant at P = 0.05 or marginally significant at P = 0.10 

 

 

 

Table A.7 Matrix for total net effects standardized by their standard deviations in the 

Treehopper-Effect SEM analysis. Bold numbers indicate effects influenced by significant direct 

effects in Table A.6. 

 

 

TREEHOPPER-EFFECT SEM Flower

Ants Treehoppers Buds

Ants 0 0.746 0

Beetle Chewing -0.133 -0.099 0

Larval Lepidopterans 0.133 0.099 0.354

Leaf-miners -0.146 -0.109 0

Other Phloem Feeders -0.019 -0.014 0.412  
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Figure A.1 Bivariate scatter plots showing the relationships between variables in the nested Ant-

Effect SEM analysis. 
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Figure A.2 Bivariate scatter plots showing the relationships between variables in the Multi-

Group SEM analysis, with ants (a) present or (b) absent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 

 

 
 

 

Figure A.2 - continued 
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Figure A.3 Nested Treehopper-Effect Experiment SEMs. (a) twelve models were considered in a 

stepwise model pruning procedure to eliminate paths that did not contribute to model fit (dotted 

paths labeled “A” through “K”; see Table A.5). Each single-headed arrow represents a direct 

effect, whereas double-headed arrows are unresolved covariances/correlations. (b) model 11 had 

the most acceptable model fit scores and was selected as the best model, shown with 

unstandardized, per capita interaction strengths above each significant path (as well as 

interaction strengths standardized by their standard deviations in parentheses). Significant effects 

are shown as colored arrows (red = positive) with thickness representing the magnitude of the 

standardized interaction and interaction strength estimates denoted by (*) for P < 0.05 and (°) for 

P < 0.10. Non-significant effects are shown as skinny black arrows. Endogenous (dependent) 

variables are boxes with R² values in the top right, whereas exogenous (independent) variables 

lack this term. 
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Figure A.4 Bivariate scatter plots showing the relationships between variables in the nested 

Treehopper-Effect SEM analysis. 
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APPENDIX B 

SUPPLEMENTARY MATERIALS FOR CHAPTER THREE 

Table B.1 Results from (a) generalized linear models (GLM) and (b) generalized linear mixed effects models (GLMM) for the Ant 

Nest Disturbance Experiment. 

 

 

(a) GLM Results    Arthropod

Residual         Ants  Treehoppers     Predators

Dependent Variable Units Distribution N Obs. χ² P χ² P χ² P

Treehoppers abundance Negative Binomial 71 5.685 0.017

Plant Growth aboveground Gaussian 66 0.028 0.867

change in dry mass

Plant Reproduction ln-mg seed per Gaussian 55 6.753 0.009

initial flower bud

Ants abundance Negative Binomial 76 3.940 0.047

Plant Growth aboveground Gaussian 71 0.064 0.800

change in dry mass

Plant Reproduction ln-mg seed per Gaussian 61 2.048 0.152

initial flower bud

Plant Growth aboveground Gaussian 137 1.444 0.230

change in dry mass

Plant Reproduction ln-mg seed per Gaussian 116 5.938 0.015

initial flower bud  
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Table B.1 – continued 

 

 

(b) GLMM Results Residual Random Variance N Obs./          Bear       Inactivity      Mutualism

Dependent Variable Units Distribution Term Structure Groups χ² P χ² P χ² P Interactions χ² P

Predators:

Ants abundance Negative ant nest NA 147/35 0.112 0.738 1.201 0.273 4.107 0.043 B*I 0.369 0.543

Binomial B*M 0.164 0.685

I*M 1.064 0.302

B*I*M 0.144 0.705

Arthropod Predators presence Binomial ant nest NA 148/35 0.233 0.629 <0.001 0.999 4.787 0.029 B*I 0.031 0.860

B*M 0.012 0.915

I*M 1.468 0.226

B*I*M 1.150 0.284

Herbivores:

Aphids ln-abundance Gaussian ant nest NA 96/32 1.573 0.210 0.556 0.456 2.420 0.120 B*I 1.388 0.239

B*M 2.447 0.118

I*M 2.559 0.110

B*I*M 0.048 0.826

Beetle Damage proportion Binomial ant nest NA 148/35 0.304 0.581 0.043 0.837 0.001 0.980 B*I <0.001 0.991

of leaves B*M 0.019 0.890

I*M 0.026 0.871

B*I*M 0.021 0.886

Larval lepidopterans presence Binomial ant nest NA 148/35 1.437 0.231 0.204 0.652 6.030 0.014 B*I 0.466 0.495

B*M 0.666 0.414

I*M 0.097 0.755

B*I*M 0.010 0.921  
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Table B.1 - continued 

 

 

GLMM Results Residual Random Variance N Obs./          Bear       Inactivity      Mutualism

Dependent Variable Units Distribution Term Structure Groups χ² P χ² P χ² P Interactions χ² P

Leafhoppers ln-abundance Gaussian ant nest NA 148/35 0.047 0.829 0.572 0.450 9.292 0.002 B*I 1.909 0.167

B*M 0.004 0.949

I*M 0.510 0.475

B*I*M 1.709 0.191

Plants:

Growth aboveground Gaussian ant nest M 137/35 4.691 0.030 2.957 0.086 0.027 0.869 B*I 0.826 0.363

change in dry mass B*M 1.999 0.157

I*M 0.025 0.874

B*I*M 3.100 0.078

Reproduction ln-mg seed per Gaussian ant nest B*M 118/35 8.953 0.003 0.307 0.580 7.743 0.005 B*I 0.001 0.975

initial flower bud B*M 1.035 0.309

I*M 2.432 0.119

B*I*M 0.061 0.804  
 

 

Table notes:  

One degree of freedom was used for each explanatory factor term in all models. Bold statistics have P < 0.05. 

In columns for variance structure and interactions: B = bear damage, I = nest inactivity, and M = mutualism. 

All models with variance structure were computed using ‘varIdent’. 
Plants were nested within replicate ant nests. 
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Table B.2 Model pruning strategy for the Ant Nest Disturbance SEM analysis. 

 

 

Path Deleted Retain? df χ² P AIC RMSEA ECVI
None - Full Model 5 6.223 0.285 84.223 0.041 0.573

Independent >>> Dependent Variable

Direct Effect

Flower Buds Aphids + 6 14.080 0.029 90.080 0.096 0.613

Beetle Damage + 6 8.851 0.182 84.851 0.057 0.577

Larval Lepidopterans 6 6.241 0.397 82.241 0.017 0.559

Leafhoppers + 6 29.157 <0.001 105.157 0.162 0.715

Unresolved Covariance/Correlation

Aphids Beetle Damage 6 6.621 0.357 82.621 0.027 0.562

Larval Lepidopterans 6 7.366 0.288 83.366 0.039 0.567

Leafhoppers 6 6.738 0.346 82.738 0.029 0.563

Ants Flower Buds 6 7.176 0.305 83.176 0.037 0.566

Beetle Damage Larval Lepidopterans 6 6.906 0.330 82.906 0.032 0.564

Leafhoppers 6 7.899 0.246 83.899 0.046 0.571

Larval Lepidopterans Leafhoppers 6 6.223 0.399 82.223 0.016 0.559

Treehoppers Flower Buds 6 7.692 0.262 83.692 0.044 0.569

Best Model: 3 Paths Retained 14 12.409 0.573 72.409 0 0.493  

 

 

Table notes:  

We perturbed non-essential paths, retaining them in the best model if their deletion caused significant χ²-values (P  < 0.10) or caused 

Akaike’s information criteria (AIC), root mean error of approximation (RMSEA), and expected cross-validation index (ECVI) values 

to increase over the full model (at least 2/3 of indices). Bold statistics denote significant χ²-values (P  < 0.10), or index values that 

increased when paths were deleted, indicating lack-of-fit. 
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Table B.3 Raw (covariance) per-capita effects for the Ant Nest Disturbance SEM analyses in 2009. 

 

 

Variable Undisturbed Nests Disturbed Nests Bear-Damaged Nests
Independent >>> Dependent Estimate SE P Estimate SE P Estimate SE P

Direct Effect

Ants Aphids -0.392 0.422 0.353 0.475 0.508 0.350 0.000 0.000 0.000

Beetle Damage -0.076 0.036 0.036 0.081 0.059 0.166 0.140 0.076 0.066

Larval Lepidopterans 0.048 0.018 0.009 0.003 0.020 0.897 0.017 0.029 0.556

Leafhoppers 0.256 0.083 0.002 0.106 0.038 0.005 0.074 0.051 0.143

Aphids Plant Reproduction -0.477 0.539 0.377 -0.422 0.315 0.180 0.527 0.984 0.592

Beetle Damage Plant Reproduction 0.291 6.213 0.963 -1.734 2.720 0.524 -1.356 2.930 0.643

Flower Buds Aphids 0.018 0.010 0.067 0.050 0.019 0.007 0.030 0.010 0.003

Beetle Damage -0.001 0.001 0.390 -0.003 0.002 0.127 -0.005 0.003 0.157

Leafhoppers 0.006 0.002 0.001 0.006 0.001 <0.001 0.007 0.002 0.001

Plant Reproduction 1.008 0.050 <0.001 0.961 0.060 <0.001 0.961 0.079 <0.001

Larval Lepidopterans Plant Reproduction 21.644 12.043 0.072 -5.732 7.875 0.467 -17.935 7.926 0.024

Leafhoppers Plant Reproduction -7.511 2.643 0.004 -1.030 4.166 0.805 -1.724 4.419 0.697

Treehoppers Plant Reproduction -0.117 0.221 0.597 -0.091 0.171 0.596 -0.004 0.224 0.986

Unresolved Covariance

Ants Treehoppers 860.212 186.722 <0.001 900.419 177.028 <0.001 858.422 224.851 <0.001  

 

 

Table notes:  

Bold statistics indicate significant effects (P < 0.10). 
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Table B.4 Raw [and standardized] net effects in the Ant Nest Disturbance SEMs when nests were (a) undisturbed, (b) disturbed, or (c) 

bear-damaged. 

 

 

(a) Undisturbed ant nest SEM Beetle Flower Larval

Ants Aphids Damage Buds Lepidopterans Leafhoppers Treehoppers

Aphids -0.392 0 0 0.018 0 0 0

[-0.106] [0.209]

Beetle Damage -0.076 0 0 -0.001 0 0 0

[-0.237] [-0.097]

Larval Lepidopterans 0.048 0 0 0 0 0 0

[0.291]

Leafhoppers 0.256 0 0 0.006 0 0 0

[0.319] [0.332]

Plant Reproduction -0.717 -0.477 0.291 0.952 21.644 -7.511 0-.117

[-0.016] [-0.040] [0.002] [0.917] [0.081] [-0.137] [-0.025]

(b) Disturbed ant nest SEM Beetle Flower Larval

Ants Aphids Damage Buds Lepidopterans Leafhoppers Treehoppers

Aphids 0.475 0 0 0.050 0 0 0

[0.104] [0.297]

Beetle Damage 0.081 0 0 -0.003 0 0 0

[0.158] [-0.173]

Larval Lepidopterans 0.003 0 0 0 0 0 0

[0.015]

Leafhoppers 0.106 0 0 0.006 0 0 0

[0.279] [0.457]

Plant Reproduction -0.466 -0.422 -1.734 0.939 -5.732 -1.030 -0.091

[-0.017] [-0.069] [-0.032] [0.914] [-0.036] [-0.014] [-0.027]  
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Table B.4 - continued 

 

 

(c) Bear-damaged ant nest SEM Beetle Flower Larval

Ants Aphids Damage Buds Lepidopterans Leafhoppers Treehoppers

Aphids -0.230 0 0 0.030 0 0 0

[-0.140] [0.418]

Beetle Damage 0.140 0 0 -0.005 0 0 0

[0.270] [-0.208]

Larval Lepidopterans 0.017 0 0 0 0 0 0

[0.092]

Leafhoppers 0.074 0 0 0.007 0 0 0

[0.201] [0.437]

Plant Reproduction -0.741 0.527 -1.356 0.971 -17.935 -1.724 -0.004

[-0.031] [0.036] [-0.029] [0.923] [-0.138] [-0.027] [-0.001]  

 

 

Table notes:  

Bold statistics indicate that net effects were influenced by significant direct effects (P < 0.10). 
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Table B.5 Model pruning strategy for the Arthropod Predator-Effect SEMs. 

 

 

Arthropod Predator-Effect SEM Selection
Path Deleted Retain? df χ² P AIC RMSEA ECVI

None - Full Model 1 1.177 0.278 53.177 0.045 0.597

Independent >>> Dependent Variable

Direct Effect

Flower Buds Change in Treehoppers + 2 5.477 0.065 55.477 0.140 0.623

Larval Lepidopterans + 2 15.541 <0.001 65.541 0.276 0.736

Leafhoppers 2 1.617 0.446 51.617 0 0.580

Unresolved Covariance/Correlation

Arthropod Predators Flower Buds 2 1.209 0.546 51.209 0 0.575

Change in Treehoppers Larval Lepidopterans 2 1.223 0.542 51.223 0 0.576

Leafhoppers + 2 9.887 0.007 59.887 0.210 0.673

Larval Lepidopterans Leafhoppers + 2 3.597 0.166 53.597 0.095 0.602

Best Model: 4 Paths Retained 4 1.696 0.792 47.696 0 0.536  
 

 

Table notes:  

We perturbed non-essential paths, retaining them in the best model if their deletion caused significant χ²-values (P  < 0.10) or caused 

Akaike’s information criteria (AIC), root mean error of approximation (RMSEA), and expected cross-validation index (ECVI) values 

to increase over the full model (at least 2/3 of indices). Bold statistics denote significant χ²-values (P  < 0.10), or index values that 

increased when paths were deleted, indicating lack-of-fit. 
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Table B.6 Raw (covariance) per-capita effects for the Arthropod Predator-Effect SEM analyses in 2010. 

 

 

Variable No Ants Few Ants Many Ants
Independent >>> Dependent Estimate SE P Estimate SE P Estimate SE P

Direct Effect

Arthropod Predators Change in Treehoppers -2.947 1.281 0.021 -3.927 3.027 0.194 0.474 5.956 0.937

Larval Lepidopterans 0.104 0.318 0.743 0.539 0.217 0.013 0.008 0.521 0.987

Leafhoppers -0.626 0.458 0.172 -0.962 0.786 0.221 2.706 1.293 0.036

Change in Treehoppers Plant Reproduction 0.660 3.001 0.826 -1.336 0.786 0.089 -1.810 1.023 0.077

Flower Buds Change in Treehoppers -0.002 0.018 0.907 0.041 0.047 0.386 0.057 0.036 0.109

Larval Lepidopterans 0.012 0.004 0.004 0.013 0.003 <0.001 0.003 0.003 0.343

Plant Reproduction 0.235 0.348 0.499 0.617 0.233 0.008 0.150 0.208 0.469

Larval Lepidopterans Plant Reproduction 15.680 14.052 0.265 -9.462 10.221 0.355 14.042 10.820 0.194

Leafhoppers Plant Reproduction 4.256 9.406 0.651 1.899 3.023 0.530 5.104 4.425 0.249

Unresolved Covariance

Change in Treehoppers Leafhoppers -4.995 5.943 0.401 58.832 52.860 0.266 65.434 31.173 0.036

Larval Lepidopterans Leafhoppers 3.09 1.652 0.061 3.763 3.756 0.316 1.859 2.327 0.424  
 

 

Table notes:  

Bold statistics indicate significant effects (P < 0.10). 
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Table B.7 Raw [and standardized] net effects in the Arthropod Predator-Effect SEMs when there were (a) no, (b) few, or (c) many 

ants. 

 

 

(a) No ants SEM
Arthropod Change in Flower Larval

Predators Treehoppers Buds Lepidopterans Leafhoppers

Change in Treehoppers -2.947 0 -0.002 0 0

[-0.393] [-0.020]

Larval Lepidopterans 0.104 0 0.012 0 0

[0.055] [0.452]

Leafhoppers -0.626 0 0 0 0

[-0.246]

Plant Reproduction -2.973 0.660 0.418 15.680 4.256

[-0.024] [0.040] [0.245] [0.239] [0.087]

(b) Few ants SEM
Arthropod Change in Flower Larval

Predators Treehoppers Buds Lepidopterans Leafhoppers

Change in Treehoppers -3.927 0 0.041 0 0

[-0.232] [0.161]

Larval Lepidopterans 0.539 0 0.013 0 0

[0.358] [0.558]

Leafhoppers -0.962 0 0 0 0

[-0.222]

Plant Reproduction -1.675 -1.336 0.443 -9.462 1.899

[-0.023] [-0.316] [0.414] [-0.199] [0.115]  

 

 

 

 



72 

 

Table B.7 - continued 

 

 

(c) Many ants SEM
Arthropod Change in Flower Larval

Predators Treehoppers Buds Lepidopterans Leafhoppers

Change in Treehoppers 0.474 0 0.057 0 0

[0.014] [0.264]

Larval Lepidopterans 0.008 0 0.003 0 0

[0.003] [0.174]

Leafhoppers 2.706 0 0 0 0

[0.362]

Plant Reproduction 13.067 -1.810 0.092 14.042 5.104

[0.075] [-0.344] [0.081] [0.229] [0.218]  

 

 

Table notes:  

Bold statistics indicate that net effects were influenced by significant direct effects (P < 0.10). 
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Table B.8 Results from generalized linear models (GLM) for the Arthropod Predator-Effect Experiment. 

 

 

     Arthropod          Ants*

Dependent Residual           Ants       Predators       Predators

Variable Units Distribution N Obs. χ² P χ² P χ² P

Predators:

Ants abundance Negative Binomial 89 50.583 <0.001 3.650 0.056 1.972 0.160

Arthropod Predators abundance Negative Binomial 90 13.214 <0.001 9.215 0.002 0.393 0.530

Herbivores:

Aphids abundance Negative Binomial 48 3.699 0.054 0.624 0.430 <0.001 0.997

Larval lepidopterans abundance Negative Binomial 90 0.187 0.666 3.128 0.077 0.267 0.605

Leafhoppers ln-abundance Gaussian 89 11.753 0.001 0.635 0.425 1.156 0.282

Treehoppers ln-abundance Gaussian 88 91.454 <0.001 8.094 0.004 6.350 0.012

Plants:

Plant Growth aboveground Gaussian 87 0.015 0.903 3.681 0.055 0.255 0.614

change in dry mass

Plant Reproduction¹ ln-mg seed per Gaussian 81 4.982 0.026 1.775 0.183 1.196 0.274

initial flower bud  

 

 

Table notes:  

One degree of freedom was used for each explanatory factor term in all models. Bold statistics have P < 0.05. 

Superscripts: 1. One was added to the initial number of flowering buds to account for buds that arose after this variable was surveyed. 
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Figure B.1 Scatterplots of variables and best-fitting model selection for the SEMs, and the best 

model based on data from all disturbed nests, for the Ant Nest Disturbance Experiment (a-c) and 

the Arthropod Predator-Effect Experiment (d,e). In (a), scatterplots show bivariate relationships 

between variables used in the SEM. (b) The full SEM model was pruned to find the best model 

using the full 2009 dataset. Independent variables are yellow boxes, and dependent variables are 

white boxes that have R² values in the top corner in (c). Single-headed paths represent direct 

effects and double-headed paths (i.e. between herbivores or independent variables) are 

unresolved covariances/correlations. Dotted paths were pruned from the full model to find the 

best-fitting model. In (c), the best model calculated with data from bear-damaged nests is shown 

with significant effects (P < 0.10) as colored paths with raw (and standardized) per-capita effect 

sizes. Solid red paths that end in circles indicate positive effects, dashed blue paths that end in 

arrowheads are negative effects, and skinny black paths without coefficients are non-significant 

effects. Significant paths are weighted by standardized effect size. In (d), bivariate relationships 

for the Arthropod Predator-Effect Experiment are shown as scatterplots. (e) The full SEM model 

was pruned to find the best model using the entire 2010 dataset (Arthropod Predator-Effect 

Experiment). Abbreviated variables in the scatterplots are Beet Dam = Beetle damage, Larv leps 

= Larval lepidopterans, Leafhop = Leafhoppers, Plant reprod = Plant reproduction, Treehop = 

Treehoppers, Arth preds = Arthropod predators, and Chg treehop = Change in treehoppers. 



75 

 

 
 

 
 

 

Figure B.1 - continued 
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Figure B.1 – continued 
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APPENDIX C 

SUPPLEMENTARY MATERIALS FOR CHAPTER FOUR 

C.1 Materials and Methods 

C.1.1 Experimental System 

I conducted this investigation in a montane meadow near Almont, Colorado (study area 

size = approx. 2 ha, elevation = 2769 m, latitude = 38.719, longitude = -106.816). Total 

atmospheric nitrogen (N) deposition in the meadow was approximately 2 kg N/ha/yr when the 

study began in 2010, based on the rate at nearby Gothic, CO (AMEC Environment & 

Infrastructure 2012). Green rabbitbrush (Chrysothamnus viscidiflorus Nuttal: Asteraceae) is an 

abundant shrub in the research meadow and hosts a number of herbivorous insects. Dominant 

sap-sucking treehoppers (Publilia modesta Uhler: Membracidae) are protected by the dominant 

ant (Formica obscuripes Forel: Formicidae). The treehoppers and ants engage in a food-for-

protection mutualism (Abbot et al. 2008), in which treehoppers provide ants with sugary food in 

return for ant-protection from other arthropod predators (Grinath et al. In Press). This strong 

mutualism drives ecological dynamics across the arthropod assemblage and decreases 

rabbitbrush reproduction (Grinath et al. 2012). Subordinate herbivores include leaf-chewing 

beetles (Chrysomelidae), which are deterred by the ant-treehopper mutualism; and chewing 

caterpillars (Lepidoptera) and sap-sucking leafhoppers (Cicadellidae), which often benefit from 

the ant-treehopper mutualism (Grinath et al. 2012; Grinath et al. In Press). Other arthropod 

predators include subordinate ants (Formicidae) and solitary predators, mostly spiders (Araneae) 

and ladybeetles (Coccinellidae). As top predators, black bears (Ursus americanus Pallas: 

Ursidae) dig into ant nests to feed on high densities of immature and adult ants. Bear damage to 

ants indirectly benefits rabbitbrush reproduction by suppressing ant protection for herbivores 

(Grinath et al. In Press). 

 

C.1.2 Experimental Setup 

I installed 36 ant enclosures during the summer of 2010. Made from smooth plastic 

landscape edging buried 5 cm deep, each enclosure was 5 m in diameter and encircled a single F. 

obscuripes nest. From 2010 to 2012, these barriers were maintained each summer by reinstalling 
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disturbed enclosures, applying slippery talcum powder to aboveground portions, and removing 

bridging vegetation. In addition to being slippery, the plastic was hot during the day through the 

growing season. Thus, the barriers discouraged ants from climbing out of the study area, while 

allowing other arthropods to jump, float or fly in and out.  

I simulated elevated N deposition in half of the enclosures from 2010 to 2012. I 

mimicked a total rate of 7 kg N/ha/yr by applying slow-release ammonium nitrate fertilizer at 0.5 

g N/m² once each summer. Though N deposition can have non-fertilization effects, such as being 

directly toxic to plants, changes in plants are driven primarily by fertilization (Bobbink et al. 

2010). Thus the experimental simulation was able to produce conditions similar to actual N 

deposition. 

Bears foraged on ant nests within the enclosures from 2010-2012, and I determined nest 

inactivity in September, 2012. As in a previous study (Grinath et al. In Press), nests were 

considered inactive if no more than 1 ant-worker emerged when the ground next to the nest was 

beaten. I used the presence of inactive ant nests as an index of the bears’ effect on the plant-

arthropod community. Ant nest inactivity occurs when nests are severely damaged by bears; 

some nests recovered from minor bear damage and remained active. 

To test for N enrichment effects on the cascade between bears and plants, I factorially 

crossed manipulations of foraging ant and treehopper presence on individual rabbitbrush in 2012. 

Four rabbitbrush in each enclosure (total = 144 plants) with similar flowering bud phenology and 

size were chosen for experimentation. Ant and treehopper treatments were randomly assigned 

within each enclosure. Ants were excluded from plants with sticky insect trap (Tanglefoot 

Company, Grand Rapids, MI, USA), and by trimming surrounding vegetation. Treehoppers were 

added to plants to obtain an initial presence of 60 treehoppers per plant on July 17th; treehopper 

absence was maintained manually at the start of the experiment and in three surveys over the 

following three weeks. Vegetation surrounding each plant was trimmed to limit ant access and 

treehopper migration. 

Because treehoppers and ants were manipulated on individual plants, I also measured 

their responses to N additions and bears in plots separate from the individual experimental 

plants. In 2011, I established two 1-m² plots in each enclosure by randomly tossing a quadrat. 

Except for a few plants outside of these plots, all mutualist, honeydew-producing herbivores 
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were removed from aboveground vegetation in each enclosure in July, 2011. Herbivores were 

then allowed to reestablish. 

 

C.1.3 Data Collection 

I collected data on six traits representing plant reproduction, growth, damage and 

chemistry. Initial flowering bud abundance was measured on July 19. Rabbitbrush seed 

production was measured by bagging flowers in mesh at the end of the arthropod surveys and 

collecting the mature seed on October 2. The seed was sorted from other plant materials and 

weighed. Reproduction was then measured as mg seed per initial flower bud. Aboveground plant 

growth was obtained by calculating the difference between plant mass estimates on July 11th and 

August 3rd. These estimates were found non-destructively by applying measures of plant height 

and surface area to an allometric model developed previously for rabbitbrush at this site (Grinath 

et al. In Press). Total chewing damage to leaves was measured as the number of leaves with 

damage out of 50 haphazardly selected leaves on July 25. Leaves were collected for carbon (C) 

and N analysis on August 30. Leaves were trimmed from plants and immediately chilled on ice 

before being transferred to a freezer. These samples were dried at 66 Celsius for 72 hours and 

then homogenized by mortar and pestle. A Carlo Erba NC analyzer was used to measure leaf C 

and N concentrations and CN ratio.  

Cumulative arthropod abundances were obtained by surveying the individual 

experimental plants for insects and spiders three times from July 19 to August 3. Treehopper 

nymphs were collected for CN chemistry in the third survey and were immediately chilled until 

they were placed in a freezer. Treehopper samples were dried at 66 Celsius for 72 hours; then 

whole nymphs were analyzed for C and N concentrations and CN ratio with a Carlo Erba NC 

analyzer. In September 2012, I surveyed the 1-m² plots for rabbitbrush cover and the abundances 

of treehoppers and ants on rabbitbrush. Plant cover was converted to aboveground dry biomass 

by applying an allometric curve developed from 40 rabbitbrush plants that were measured for 

cover (dm²) , harvested, dried at 66 Celsius for 72 hours, and weighed (gdry plant mass = 6.8828 dm² 

- 2.3815; P < 0.001, R² = 0.93). Treehopper and ant densities were then measured as abundance 

per gram of rabbitbrush. 
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C.1.4 Data Analysis 

All plant trait data (except leaf CN ratio) were combined in a multivariate analysis to 

assess N addition and bear effects on the whole plant phenotype. To evaluate this phenotypic 

response, I conducted a permutational multivariate ANOVA (PerMANOVA) using the ‘vegan’ 

package in R v3.1.1 (R Development Core Team 2014). Gower distances were used to account 

for different kinds of data that were combined to measure the plant phenotype. 

Each response variable from the individual experimental plants was analyzed with 

generalized linear mixed effects models (GLMMs). Individual plants were nested within random 

ant enclosures and the fixed explanatory factors were the presence of treehoppers, ants, bear 

damage (i.e. nest inactivity), and N additions. Due to low replication, analyses for treehopper 

chemistry were conducted using only N additions as an explanatory factor. Package ‘nlme’ was 

used for GLMMs with Gaussian-distributed residuals; package ‘lme4’ was used for GLMMs 

with other error distributions. I used a model selection procedure to identify the most appropriate 

model for each variable based on Akaike Information Criterion (AIC) scores (Zuur et al. 2009). 

For Gaussian-distributed models, I first compared models with random intercepts vs. random 

slopes and intercepts; then among models with seven variance structures (varIdent specified for 

all treatments combined, N additions X bears, treehoppers X ants, and each main effect). For 

count data, I compared models with Poisson vs. Negative Binomial residual distributions; and for 

presence/absence data, I used a model with a Binomial residual distribution. A stepwise process 

was then implemented to remove non-significant statistical interaction terms from all models. 

Final models had all main effects and any significant interactions. The residuals of final models 

were visually assessed to confirm that they met model assumptions; in some cases, up to five 

extreme outlying observations were deleted to meet these assumptions. Groups were removed 

from analyses if there was only one observation in a group. I evaluated post hoc Tukey contrasts 

with the ‘multcomp’ and ‘lme4’ packages.  

Treehopper and ant densities were analyzed by pooling abundances from the 1-m² plots 

and offsetting by rabbitbrush biomass in generalized linear models (GLMs). These models were 

fit to both Poisson and Negative Binomial residual distributions and the best model was selected 

by AIC. To account for the unbalanced experimental design, significance was determined by 

analyses of deviance (package ‘car’) with type II SS for GLMMs and type III SS for GLMs. 
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Figure C.1 Leafhopper response. Interacting effects of N additions, bears, ants, and treehoppers 

on leafhopper abundances (χ² = 6.69, P = 0.010). Lowercase letters denote significant post hoc 

contrasts in graphs with interacting treatments; non-significant contrasts and additional 

significant contrasts are not shown for clarity.  

 

 

 

 

 

 

 

 

Table C.1 Permutational multivariate ANOVA (PerMANOVA) results for the response of the 

whole plant phenotype, a combination of five plant traits. 

 

 

Dependent Variable Obs. Factor F P R²

Plant Phenotype 35 Bear 2.315 0.057 0.059

Nitrogen 3.252 0.015 0.083

Bear*Nitrogen 2.807 0.026 0.071  
 

 

Table notes: 

One degree of freedom was used for each explanatory factor term. 

Bold statistics have P < 0.10. 
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Table C.2 Generalized linear mixed effects model (GLMM) results for (a) plants, (b) herbivores, and (c) predators. 

 

 

(a) Plant Response Residual Random Variance Obs./   Treehopper          Ant         Bear      Nitrogen Additional

Dependent Variable Units Distribution Term Structure Groups χ² P χ² P χ² P χ² P Effects χ² P

Damage to Leaves # out of Poisson ant nest 142/36 6.435 0.011 6.066 0.014 2.349 0.125 1.625 0.202 A*B*N 5.365 0.021

50 leaves T*A 5.541 0.019

A*B 0.556 0.456

A*N 10.696 0.001

B*N 0.088 0.767

Growth change in Gaussian ant nest A 143/36 2.271 0.132 0.017 0.896 3.327 0.068 1.212 0.271

mass (g)

Leaf Carbon percent Gaussian ant nest 141/36 0.248 0.619 3.979 0.046 4.886 0.027 10.102 <0.001 T*A*B 4.114 0.043

T*A 4.051 0.044

T*B 1.258 0.262

A*B 0.310 0.578

Leaf Nitrogen percent Gaussian ant nest N 137/36 1.857 0.173 4.569 0.033 0.035 0.851 1.134 0.287

Leaf CN Ratio Gaussian ant nest B*N 138/36 6.238 0.013 4.577 0.032 0.126 0.723 1.579 0.209 T*B 8.145 0.004

Reproduction seed (mg)/ Gaussian ant nest T*A*B*N 130/35 1.536 0.215 1.752 0.186 5.650 0.017 0.001 0.972 B*N 6.118 0.013

initial bud  
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Table C.2 - continued 

 

 
(b) Herbivore Response Residual Random Variance Obs./   Treehopper          Ant         Bear      Nitrogen Additional

Dependent Variable Units Distribution Term Structure Groups χ² P χ² P χ² P χ² P Effects χ² P

Beetles abundance Poisson ant nest 142/36 3.042 0.081 16.280 <0.001 2.515 0.113 0.021 0.884 T*A 5.478 0.019

T*N 11.027 <0.001

Caterpillars presence Binomial ant nest 142/36 0.066 0.797 0.252 0.615 0.034 0.854 0.058 0.810 T*N 4.947 0.026

Leafhoppers abundance Poisson ant nest 142/36 34.787 <0.001 43.778 <0.001 6.089 0.014 0.726 0.394 T*A*B*N 6.691 0.010

T*A*B 2.266 0.132

T*A*N 9.554 0.002

T*B*N 12.115 0.001

A*B*N 0.202 0.653

T*A 2.804 0.094

T*B 0.033 0.856

T*N 22.860 <0.001

A*B 8.072 0.004

A*N 18.579 <0.001

B*N <0.001 0.990

Treehoppers abundance Gaussian ant nest A*B*N 68/34 348.68 <0.001 1.953 0.162 0.064 0.801

Treehopper Carbon percent Gaussian B*N|ant nest 46/23 4.348 0.037

Treehopper Nitrogen percent Gaussian ant nest 44/22 0.061 0.805

Treehopper CN Ratio Gaussian ant nest B 46/23 0.572 0.449  
(c) Predator Response Residual Random Variance Obs./   Treehopper          Ant         Bear      Nitrogen Additional

Dependent Variable Units Distribution Term Structure Groups χ² P χ² P χ² P χ² P Effects χ² P

Solitary Predators presence Binomial ant nest 142/36 5.885 0.015 7.624 0.006 0.269 0.604 1.128 0.288

Subordinate Ants presence Binomial ant nest 142/36 0.607 0.436 4.045 0.044 2.549 0.110 0.114 0.735 T*B 4.932 0.026

Thatch Ants abundance Gaussian ant nest A*B*N 66/33 74.562 <0.001 39.474 <0.001 1.408 0.235 T*B 13.468 <0.001  
 

 

Table notes: 

One degree of freedom was used for each explanatory factor term in all models. Bold statistics have P < 0.10. 

In columns for variance structure and additional effects: T = treehoppers, A = ants, B = bears, and N = nitrogen treatments. 

All models with variance structure were computed using ‘varIdent’. 
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Table C.3 Generalized linear model (GLM) results for responses by treehopper and ant densities on rabbitbrush. 

 

 

Dependent Residual             Bear          Nitrogen      Bear*Nitrogen

Variable Units Distribution Obs. χ² P χ² P χ² P

Treehoppers abundance Negative Binomial 35 0.632 0.427 4.246 0.039 0.297 0.586

Thatch Ants abundance Negative Binomial 35 3.673 0.055 1.270 0.260 0.190 0.663  
 

 

Table notes: 

One degree of freedom was used for each explanatory factor term in all models. 

Bold statistics have P < 0.10. 
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