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ABSTRACT OF THE DISSERTATION 

 

 

Ecological and evolutionary consequences of plant mediation of multi-trophic interactions  

 

By 

Luis Alejandro Abdala 

Doctor of Philosophy in Ecology and Evolutionary Biology 

University of California, Irvine, 2014 

Professor Kailen A. Mooney, Chair 

 

Consumers are strongly influenced by plant phenotypic variation. Such variation may 

have a genetic or environmental basis, and occurs when plant genotypes or species vary in traits 

or when patches of co-occurring plants vary in the number of genotypes or species. However, 

these sources of plant variation have usually been studied separately, their underlying 

mechanisms are poorly understood, and the evolutionary consequences are largely unknown. 

This dissertation aims to fill these gaps in research by evaluating: (i) the mechanisms by which 

environmental- and genetic-driven trait variation in the herb Ruellia nudiflora influence seed-

eating caterpillars and wasps parasitizing the latter (Chapter 1), (ii) the evolutionary 

consequences of R. nudiflora trait variation on insects and of insect effects on the plant (Chapter 

2), (iii) the ecological and evolutionary consequences of R. nudiflora genotypic diversity effects 

on these interactions (Chapter 3), and (iii) the dual effects of Swietenia macrophylla (mahogany) 

genotypic and neighbor tree species diversity on insect herbivores (Chapter 4), and herbivore-

enemy interactions (Chapter 5). 



 xi 

 By manipulating soil fertility and R. nudiflora genotype identity (progeny of same 

mother plant) in a common garden, I found that genotype effects were stronger than fertility 

effects and operated via different mechanisms (Chapter 1). Further analyses revealed that 

caterpillar selection on plants was dampened by parasitoids, and that increasing soil fertility 

weakened caterpillar and parasitoid selection on the plant (Chapter 2). A second experiment 

manipulating genotype number in patches of R. nudiflora revealed that genotypic diversity 

influenced plant-caterpillar interactions, and that such effects altered caterpillar selection on 

plant traits; however, parasitoids eliminated this feedback (Chapter 3). Finally, in a large-scale 

field experiment I found that tree species diversity (but not mahogany genotypic diversity) 

influenced herbivore abundance (Chapter 4). However, surrounding tree species diversity 

influenced specialist herbivores (feeding only on mahogany) but not generalists. Additionally, 

neither source of diversity influenced interactions between parasitic wasps and leaf-mining 

caterpillars (Chapter 5). Collectively, these results underscore the predictive value of 

determining the mechanisms and sources of plant phenotypic variation influencing consumers 

(environmental vs. genetic, genotypic vs. species diversity), and present evidence for novel 

feedbacks between plants and consumers. 

 

.



 
 1 

INTRODUCTION 

A great deal of work has been put forward to understanding the ecological and 

evolutionary consequences of species interactions (Abrahamson, 1989; Price et al., 1991; 

Thompson, 1999). Traditionally, studies have focused on direct effects stemming from pairwise 

antagonistic, mutualistic, or facilitory interactions (Strauss & Irwin, 2004). However, it has 

become increasingly clear that focal pairwise interactions are influenced by other species in the 

community (Strauss & Irwin, 2004), resulting in indirect effects, where the effect of one species 

on another is mediated by a third (Strauss & Irwin, 2004).  

Given the ubiquity of plant-centered food webs across most ecosystems (Ohgushi, 2008), 

a substantial amount of multispecies interactions are mediated by plants (reviewed by Ohgushi et 

al., 2007). For example, plants can mediate interactions among herbivores when feeding by one 

herbivore induces plant defenses, which in turn affect feeding by a second herbivore (reviewed 

by McGuire & Johnson, 2006; Heil, 2010). Likewise, plants may also influence herbivore-

natural enemy interactions by releasing volatiles upon herbivore damage that attract carnivores, 

resulting in herbivore suppression (Vet & Dicke, 1992; Kessler & Heil, 2011), or by influencing 

herbivore traits (e.g., developmental time, behavior) which in turn influence predators (Williams, 

1999; Ode, 2006). Within this context, identifying plant traits and factors governing variation in 

such traits is necessary to gain a predictive understanding of how plant phenotypic variation 

influences associated faunas (Hare, 2002; Mooney & Singer, 2012).  

The extended consequences of plant phenotypes on consumers can have an 

environmental and/or genetic basis, and may occur at the level of individual plants or groups of 

plants. At the individual level, variation in traits across a plant body can influence herbivores 

(Bronstein et al., 2006; Bronstein et al., 2009), while environmental factors (e.g., water 
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availability, soil nutrients) can modify plant traits inclusively, cascading up to influence 

herbivores (Stiling & Rossi, 1997; Orians et al., 2003), and their natural enemies (Williams, 

1999; Singer & Stireman, 2005). At the same time, genetically-based variation in plant traits 

results in individuals of different genotypes of a given species or individuals of different species 

varying in traits that influence consumers (Marquis, 1992; Agrawal, 2007). Additionally, within 

patches of co-occurring plants, we may encounter groups of plants consisting of varying number 

of genotypes of a given species or varying number of species (generally referred to as plant 

“genotypic diversity” and “species diversity”, respectively). Such differences in plant diversity 

are an important form of resource or habitat heterogeneity that may influence higher trophic 

levels (Andow, 1991; Agrawal et al., 2006; Barbosa et al., 2009). 

Plant inter- and intra-specific effects on higher trophic levels 

The effects of plant species diversity on ecosystem function have received much attention 

over the last two decades (reviewed by Hooper et al., 2005). Studies have found that greater 

plant species diversity is often associated with greater primary productivity (Tilman et al., 1996), 

enhances stability in functional processes (Naeem et al., 1994; Tilman et al., 2006; but see 

Pfisterer & Schmid, 2002), and influences arthropod community structure (Siemann, 1998; 

Scherber et al., 2010). More recently, the role of intra-specific plant diversity, usually assessed in 

the form of genotype diversity, has also emerged as an equally important component of plant 

diversity influencing ecological processes (reviewed by Hughes et al., 2008; Bailey et al., 2009). 

Both forms of plant diversity may influence consumer abundance through increased plant 

biomass because of reduced plant competition or facilitation (Vandermeer, 1989; Cook-Patton et 

al., 2011), or through increased resource heterogeneity influencing consumer foraging (Hämback 

et al., 2014). In addition, recent work has shown that both sources of plant diversity may initiate 
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feedbacks where enhanced predator effects on herbivores at high diversity result in lower 

herbivory (Haddad et al., 2009; Moreira et al., 2012). However, such feedbacks remain largely 

unexplored. 

In parallel to research on plant genotypic diversity and within the broader context of 

“community genetics” (Whitham et al., 2006), recent work has also underscored the importance 

of plant intra-specific genotype identity effects on higher trophic levels (Bailey et al. 2009; 

Mooney & Singer, 2012). For example, studies have found that plant genotypes vary in 

arthropod abundance and species composition (Dungey et al., 2000; Wimp & Whitham, 2001; 

Johnson, 2008), as well as in the strength of consumer interactions (Mooney & Agrawal, 2008; 

reviewed by Mooney & Singer, 2012). Such dynamics may also result in feedbacks where plant 

genotypes that recruit more predators or parasitoids exhibit lower herbivory and thus greater 

fitness (Mooney & Singer, 2012).  

Despite growing evidence for the influence of genetic sources of plant phenotypic 

variation on higher trophic levels, three important limitations persist. First, most work has 

documented plant genotype or diversity effects on broad descriptors of consumer communities 

and not on changes on consumer interactions or the mechanisms underlying such effects 

(Mooney & Agrawal, 2008; Abdala-Roberts et al., 2012; Moreira & Mooney, 2013). 

Consequently, we have a limited understanding of how plant genetic effects on consumptive 

interactions scale-up to produce community-wide patterns (Johnson, 2008). Second, most studies 

have evaluated plant genetic effects on consumers in isolation of other biotic or abiotic factors. 

For example, there have been very few attempts to address the combined action of genetic and 

environmental sources of plant phenotypic variation on consumers (Johnson & Stinchcombe, 

2007). Similarly, few studies have tested for concurrent effects of plant genotypic and species 
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diversity (Cook-Patton et al., 2011; Crawford & Rudgers, 2013), despite the fact that both forms 

of plant diversity likely act in concert (Vellend & Geber, 2005). Third, the evolutionary 

consequences of such plant bottom-up (genotype or diversity) effects remain largely unknown 

(Bailey et al., 2014).  

Evolutionary consequences of plants mediating consumptive interactions 

While there is mounting evidence that environmental and genetic sources of plant 

phenotypic variation influence associated faunas, the evolutionary consequences of these plant-

mediated effects remain largely unexplored (Agrawal, 2004; Linhart et al., 2005). For example, 

the environment may induce plant trait changes or plant genotypes may vary in traits that 

influence predators directly or indirectly (via effects on herbivores) with this leading to 

differences in the strength of natural enemy impacts on herbivore populations (Marquis & 

Whelan, 1996; Hare, 2002; Mooney & Singer, 2012); however, the evolutionary consequences of 

such feedbacks are unknown as most studies have not tested for natural enemy (i.e. predator) 

effects on plant trait evolution (but see Rudgers, 2004). Similarly, although previous work has 

shown that plant genotypic diversity can shape consumer interactions (Johnson, 2008; Ninkovich 

et al., 2011), the evolutionary implications of such altered interactions have been ignored (for an 

exception see Parker et al., 2010). Given the prevalence of plant-mediated interactions, these 

evolutionary dynamics are probably widespread and could lead to feedbacks where differences in 

consumer interactions among plant genotypes or levels of genotypic diversity result in changes 

in consumer selection on plants (Whitham et al., 2006; Johnson & Stinchcombe, 2007; Bailey et 

al., 2014).  
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Dissertation overview 

My dissertation investigates the ecological and evolutionary consequences of plant 

mediation of consumer interactions via so called “bottom-up” effects, the relative influence of 

different sources of plant phenotypic variation driving such effects, as well as the underlying 

mechanisms. In Chapter 1, I use a common garden experiment to determine how plant intra-

specific genetic variation influences consumers and how such effects compare in strength and 

interact with environmental effects in shaping interactions at higher trophic levels. Specifically, I 

compare the mechanisms by which plant genotype and soil fertility independently and 

interactively influence tri-trophic interactions in a simple food web consisting of the perennial 

herb Ruellia nudiflora, a seed-eating caterpillar (Tripudia sp.), and parasitic wasps (mainly 

Bracon spp.) attacking the latter. In Chapter 2, I evaluate the evolutionary consequences of such 

effects by determining how soil fertility and parasitic wasps alter natural selection imposed by 

the seed-eating caterpillar on R. nudiflora. In Chapter 3, I address with another field experiment 

the mechanisms by which Ruellia nudiflora genotypic diversity shapes consumer interactions 

and the evolutionary consequences of such dynamics through plant diversity-consumer 

feedbacks. Finally, I evaluated the dual influence of mahogany (Swietenia macrophylla) 

genotypic diversity and neighborhood tree species diversity effects on insect herbivores (Chapter 

4) and on interactions between one of these insect herbivores and parasitid wasps (Chapter 5) in 

a large-scale tree diversity experiment.  
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CHAPTER 1: Environmental and plant genetic effects on tri-trophic interactions 

 

INTRODUCTION 

Multi-trophic interactions and arthropod community structure can change substantially 

among genotypes within a single plant species (Dungey et al., 2000; Wimp & Whitham, 2001; 

Johnson, 2008; Mooney & Agrawal, 2008), with plant genotype effects in some cases being 

similar in magnitude to plant species effects (Mooney et al., 2010; Singer et al., 2012). Previous 

studies have shown that plant genotypes can mediate herbivore-herbivore (McGuire & Johnson, 

2006), herbivore-carnivore (Fritz, 1995; Hare, 2002; Mooney & Singer, 2012), as well as 

mutualistic (Mooney & Agrawal, 2008) interactions. Accordingly, examining the effects of plant 

genotypes on ecological interactions has served to elucidate the mechanisms by which these 

effects scale-up to influence entire arthropod communities (Johnson, 2008; Mooney & Singer, 

2012). A recent focus has been to evaluate how plant genotypes are influenced by biotic and 

abiotic factors, documenting how environmental conditions and plant genetics interactively 

control plant traits of importance for tri-trophic interactions (Poelman et al., 2009; Abdala-

Roberts et al., 2012). Although this approach provides a useful mechanistic framework for 

studying how bottom-up forces concurrently shape arthropod communities, few studies have 

examined the combined effects of plant genotype and the abiotic environment under a multi-

trophic setting (Johnson & Agrawal, 2005 and references therein; Abdala-Roberts et al., 2012). 

Multiple studies have shown that bottom-up effects of soil fertility can influence plant-herbivore 

interactions through changes in plant tissue quality (e.g., defenses; Orians et al., 2003; Sampedro 

et al., 2011) or quantity (i.e., biomass production; Stiling & Rossi, 1997), which in turn influence 

carnivores due to changes in herbivore abundance or quality (Williams, 1999; Chen et al., 2010). 
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In addition, studies have also found evidence of plant genetic variation for soil fertilization 

effects on plant-herbivore interactions (Horner & Abrahamson, 1992; Orians & Fritz, 1996; 

Rowntree et al., 2010), likely due to plant genotypes responding differentially to fertilization 

because of underlying growth-defense trade-offs (Coley et al., 1985; reviewed by Stamp, 2003; 

Sampedro et al., 2011). Nonetheless, few studies have simultaneously evaluated the effects plant 

genetics and soil fertility exert on the third trophic level, thus limiting our understanding on the 

relative importance and potential for interaction of bottom-up forces shaping complex 

interactions and, ultimately, arthropod community structure. 

Although there are different mechanisms by which plant genotype and soil fertility can 

indirectly influence species at higher trophic levels, these are frequently not addressed and their 

relative importance is uncertain. First, changes in plant traits due to plant genotype and 

fertilization can result in density-mediated effects (“interaction chains”, sensu Wootton, 1994). 

Here, plant trait variation directly influences the density of one arthropod species (e.g., 

herbivore), which in turn indirectly influences the density of a second species (e.g., carnivore), 

but the function describing their pairwise (e.g., herbivore-carnivore) interaction – which can be 

linear or non-linear – remains unchanged (Mooney & Agrawal, 2008; Singer et al., 2012). 

Secondly, changes in plant traits may modify the function describing this pairwise interaction 

through changes in traits of the interacting species (“interaction modification” sensu Wootton, 

1994). Here, fertilization and plant genetic effects on plant traits may influence pairwise 

interactions through effects on the traits or behaviors of one or both interacting species. 

Identifying which of these two pathways of plant indirect effects is acting on higher-trophic 

levels is important because it provides a mechanistic framework to predict the ecological and 
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evolutionary consequences of plant mediation of higher trophic-level interactions (Abrams, 

1995; Strauss et al., 2005; Mooney & Singer, 2012). 

Ruellia nudiflora Engelm. and Gray Urb. (Acanthaceae) is a common herb found in 

southern Mexico that suffers from high rates of seed predation by larvae of a noctuid moth 

(Abdala-Roberts et al., 2010). In turn, this herbivore is fed upon by up to eight species of 

parasitoids with different life histories. Here we focus on R. nudiflora fruit production as a key 

resource governing species interactions in this food chain and address the following questions: 

(a) Do soil fertility and plant genetic effects, in controlling variation for a basal resource (fruits) 

influence seed predator abundance, and parasitoid abundance and community structure? (b) Do 

these bottom-up forces have effects of similar magnitude and do they operate independently or 

interactively (i.e., is there plant genetic variation for fertility effects on trophic interactions)? And 

(c) do these effects occur through density-mediated or interaction modification effects? This 

work is novel in that it compares the influence of two sources of variation for plant-based 

resources on interactions among species at higher trophic levels, and examines the mechanisms 

by which such effects take place. In doing so, our findings advance the understanding of how 

bottom-up effects influence food chains associated with plant canopies. 

 

MATERIALS AND METHODS 

Study species and natural history 

Ruellia nudiflora is a self-compatible, perennial herb distributed from Texas to southeast 

Mexico. It is abundant in the state of Yucatan (Mexico) where it is found growing under a wide 

range of climatic and soil conditions (Ortegon-Campos et al., 2012). It has a mixed mating 

system and produces chasmogamous (CH) flowers which open and are visited by pollinators, as 
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well as cleistogamous (CL) flowers which have a reduced corolla, do not open and obligately 

self-pollinate; both flower types have a longevity of one day. The peak of flower production is 

typically during July or August, although flowering may extend up to December in some cases. 

Both types of fruit are dry and dehiscent. 

   Fruits from both CH and CL flowers are attacked by larvae of a 

single, as-yet unidentified, species of noctuid moth (Lepidoptera: Noctuidae) which feed on 

seeds prior to fruit dehiscence. Adult female moths oviposit on recently pollinated flowers and, 

unless parasitized, a single larva grows inside each developing fruit and usually consumes all the 

seeds (Abdala-Roberts et al., 2010). There is a negative relationship between fruiting synchrony 

(at the population level) and the proportion of fruits attacked (V. Parra-Tabla, unpublished), 

presumably because synchronous fruiting results in herbivore satiation (reviewed by Elzinga et 

al., 2007). Herbivore eggs or larvae are attacked by up to seven, as-yet unidentified species of 

parasitic wasps (Hymenoptera) and one fly (Diptera), namely: One wasp species of 

Ichneumonidae, four of Braconidae (two species of Bracon, and one each of the genera Chelonus 

and Microchelonus), two species of Pteromalidae, and one fly species of Tachinidae.  

Study site, experimental layout and fertilization 

The experiment consisted of a common garden experiment carried out at a site located 4.3 

km east of the locality of Molas, Yucatan, Mexico (20°29’10’’N, 89°59’75’’W). The site was 10 

m elevation and has a warm sub-humid climate with summer rains; annual rainfall is 850 mm 

and the mean annual temperature is 26.2°C (Chico-Ponce de Leon, 1999). The organic horizon 

spans 25 to 50 cm, and soil analyses show that the percent organic matter is 12% (Ortegon-

Campos et al., 2012), while nitrogen and phosphorus concentrations are 32 and 18 ppm, 
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respectively (I. Ortegon-Campos, unpublished). The vegetation surrounding the site was 

composed of patches of secondary tropical dry forest, surrounded by native shrubs and herbs.  

During the second week of July 2011, we collected 10 CH fruits from each of 14 R. 

nudiflora (mother) plants belonging to a population located in Subincancab, Yucatan 

(20°86’33’’N, 89°53’24’’W; 10.6 km northeast of Molas). We chose this source population 

because it was large (>1000 plants) and had ecological and soil conditions similar to those of the 

common garden site at Molas. Because seeds rarely disperse more than 1 m from the parent plant 

(V. Parra-Tabla, upublished), we sampled mother plants that were at least 2 m apart (with inter-

plant distances in many cases being greater than 30 m). Soil conditions were homogeneous 

within this site, as is the case for R. nudiflora populations found at other sites (Ortegón-Campos 

et al., 2012). All seeds from a given mother plant represented a maternal half-sib family. We 

germinated seeds the first week of August 2011, and then transplanted them into 1-L plastic bags 

filled with a mix of native soil and peat moss (1:1). All seedlings were fertilized once with 10 

mL of a solution (Ferticoral, Impulsora Agroquímica del Sureste, Mexico) containing N (20%), P 

(30%) and K (10%), at a concentration of 2 g per liter. In order to minimize maternal effects, 

bagged plants remained in a nursery under homogenous conditions during a two-month period. 

In October 2011, 20 plants from each maternal family were randomly selected and transplanted 

into an 8 × 11 m plot (n = 280; 14 families × 10 replicates × 2 treatments). Distance among rows 

and among plants within rows was 0.5 m and plant positions were randomized throughout the 

plot. Subsequently, we established the soil fertility treatment by randomly selecting half of the 

plants from each family, and watering them twice (last week of October 2011 and first week of 

November 2011) with 40 ml of the previously mentioned fertilizer solution. This resulted in a 

deposition of 0.4 g of nitrogen and 0.6 g of phosphorus to an area of ca. 400 cm
2
 around each 
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plant, and parallels fertilization treatments in past studies that produced effect sizes that were 

biologically realistic (relative to plant growth responses to natural variation in soil fertility; 

Gruner et al., 2008). Non-fertilized (control) plants were given 40 ml of water without fertilizer, 

also twice during the same dates. This amount of fertilization chosen released nutrient limitation 

sufficiently to cause a significant 1.6-fold increase in leaf production (F1,13 = 19.62, P = 0.0006), 

which falls within the range of fertilization effect sizes for producer biomass reported by 

previous studies in terrestrial ecosystems (Gruner et al., 2008). Accordingly, such effect size is 

also biologically realistic in our study system as it compares to the magnitude of variation 

observed amongst R. nudiflora populations grown with soil from two contrasting sites where this 

species naturally occurs (1.4 to 1.5-fold difference in above-ground biomass under different soil 

types; I. Ortegón-Campos, unpublished). Starting one week after the second fertilizer 

application, all plants were given 40 ml water three times a week throughout November, twice a 

week during the first two weeks of December, and once a week for the remainder of December, 

coinciding with the end of the rainy season.  

Measurements of fruit production, seed predator and parasitoid abundance 

Plants were monitored throughout November and December 2011, as well as the first 

week of January 2012. Although this period was after the usual flowering peak for R. nudiflora, 

nearby wild plants flowered throughout the experiment and insect abundances remained high due 

to rainfall extending into December. For each plant we recorded the number of cleistogamous 

fruits produced on a weekly basis, and summed counts across all sampling dates for statistical 

analysis. During each weekly survey, we only counted mature fruits as these stay on the plant 

less than a week, precluding an overestimation of fruit production by summing across surveys. 

CH fruit production was very low (< 10% of total fruits produced) and was not analyzed. 
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Therefore, all analyses were based on CL fruit production which we refer to hereafter simply as 

“fruit number” or “fruit production”.  

To document seed predator and parasitoid attack, each week we collected up to 10 ripe 

CL fruits per plant (depending on availability of ripe fruits during each survey) throughout 

December which is when fruit production peaked, for a total of 10 sampling weeks (mean across 

all surveys of 7.87 ± 0.31 [SE] fruits collected per plant per survey). We opened each fruit in the 

laboratory and using a stereoscopic microscope recorded: (a) seed predator attack based on the 

presence of the larvae or frass, and (b) parasitoid presence and identity based on the presence of 

a cocoon or the adult parasitoid (Abdala-Roberts et al., 2010). Sampling ripe fruits ensured 

enough time for both herbivore and parasitoid attack to take place, and was also aimed at 

allowing more time for both endoparasitic and ectoparasitic parasitoid species to emerge from 

their hosts and be identified. Based on the specimens found in the sampled fruits, we divided 

parasitoids into four taxonomic groups ranging from family to genus: Ichneumonidae, 

Tachinidae, Pteromalidae, and Bracon sp.  

We estimated total abundance of seed predators per plant by multiplying the proportion 

of attacked fruits (number of fruits with seed predator / total fruits collected) by the total number 

of fruits counted per plant, while for parasitoids we multiplied the proportion of parasitized seed 

predators (number of fruits with parasitoids / number of fruits with seed predators) by the 

estimated total abundance of seed predators per plant. Calculations were based upon insect 

abundance data pooled across all sampling periods; in the case of parasitoid abundance, we also 

pooled specimens across all taxonomic groups. 
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Statistical analyses 

Plant family and fertilization effects on fruit, seed predator and parasitoid abundance 

We first tested for maternal family, fertilization, and family × fertilization effects on fruit 

number. Subsequently, to evaluate if these bottom-up effects on fruit number cascade up the food 

chain, we tested for the same main factors and interaction on seed predator abundance, as well as 

parasitoid abundance; hereafter we refer to these insect abundance models as “initial models” 

(vs. “mechanistic models” below). For the insect abundance models, to inspect what bottom-up 

force was more important in driving the observed patterns, we compared the strength of maternal 

family and fertilization effects both in terms of effect sizes expressed as log-response ratios 

(natural log of the ratio between fertilized and unfertilized plants, or among the two most 

extreme plant families; Hedges et al., 1999), as well as based on the percent of variation 

explained by each factor relative to total variation using model sums of squares for 

untransformed data (i.e., main effect R
2
 values; see Johnson, 2008). For maternal family effects, 

both measures of effect strength correspond to maternal half-sib effects.  

Mechanisms explaining plant family and fertility effects 

To assess the mechanisms by which plant genetic and fertilization effects are transmitted 

to seed predators and parasitoids, we departed from the two initial models for seed predator and 

parasitoid abundance and constructed two models which included additional terms. For seed 

predators, we tested for density-mediated effects on herbivores via fruit number by including 

fruit number as a covariate. In testing for a relationship between seed predator and fruit number, 

we found a density-dependent pattern (i.e., saturating; see results section). Therefore, the square 

of fruit number was kept in the model to account for this curvilinear response. If fertilization and 

family effects on seed predators are due entirely to variation in fruit number (i.e., density-
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mediated effect), then any significant effects of these factors observed in the initial models 

would become non-significant once the effect of fruit number is accounted for. Alternatively, if 

fertilization or family effects remain significant, this implies an effect independent of those 

transmitted through fruit number. This model also tested for the fruit number × family and fruit 

number × fertilization interactions to examine if plant genetic variation and fertilization effects 

influence the function of plant-seed predator interactions once fruit number was accounted for 

(i.e., if the rate of change in herbivore number for a given change in fruit number varies among 

plant families or due to fertilization). Accordingly, we also included the fruit number
2
 × 

fertilization and fruit number
2
 × family terms because testing for changes across maternal plant 

families and fertilization levels in the function of plant-seed predator interactions should account 

the non-linearity in this resource-consumer relationship. The mechanistic model for parasitoid 

abundance was the same as that for seed predators, except that instead of fruit number it included 

seed predator abundance as a covariate to test for density-mediated effects of plant family and 

fertilization on parasitoids via seed predator abundance. Likewise, this model included the 

effects of seed predator number × family and seed predator number × fertilization to test for 

interaction modification effects of plant family and fertilization on parasitoids, respectively. The 

term seed predator
2
 was previously removed from this model owing to its non-significance (F1,177 

= 0.14, P = 0.70). 

Given that we observed significant variation among maternal families for fruit, seed 

predator and parasitoid abundance (see results section), we performed regressions using family 

means to formally test whether plant genetic variation in one of these variables was associated 

with genetic variation in another and, in this case, the function (slope) describing the association. 

Furthermore, these regressions can also be viewed as tests for density-mediated effects of plant 
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family on seed predators and parasitoids. First, we tested for a relationship between fruit and 

seed predator number (including fruit number
2
 based on the curvilinear relationship observed 

from the mechanistic model). We also tested for density-dependence in seed predator attack with 

a regression between the proportion of fruits attacked by the seed predator (fruits with seed 

predator / total fruits collected) and fruit number. Secondly, we performed a regression between 

plant family means for seed predator and parasitoid number, and related the proportion of 

parasitized seed predators to the number of seed predators to test for density dependence in 

parasitoid attack. Finally, we tested for the indirect association between plant genetic variation 

for fruit number and parasitoid abundance to assess how parasitoids, in tracking seed predators, 

indirectly respond to the abundance of the basal resource in the system. For all regression models 

we only used unfertilized plants, as we sought to test for these genetic associations under 

unmanipulated soil conditions.  

General considerations 

All analyses were performed in SAS ver. 9.1 (SAS Institute 2002, Cary, NC). Models for 

fruit, seed predator and parasitoid abundance (continuous data) were performed with PROC 

GLM assuming a normal distribution of residuals after log-transforming fruit number data and 

square-root transforming seed predator and parasitoid data (normality achieved in all three 

cases). The three models treated plant family and family × fertilization terms as random effects 

(as well as any other interactions including plant family), and in all cases we report results for 

Type III sums of squares.  While generalized linear models and maximum likelihood approaches 

are frequently favored for non-normally distributed data and random effects (respectively), we 

did not adopt these approaches here for several reasons. Preliminary analyses with generalized 

linear models (PROC GLIMMIX) and a negative binomial error (to account for overdispersion) 
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did not converge for some analyses. Likewise, the use of maximum likelihood methods (PROC 

MIXED) with transformed data was problematic because log-likelihood ratio tests for random 

effects (i.e., plant family, family interactions with covariates and fertilization) require testing for 

multiple random effects one at a time. Currently there is little guidance on the appropriate order 

to perform these tests using MIXED, as well as which fixed terms should remain in the models at 

each step, and preliminary analyses showed this issue influenced the outcome of our analyses. 

Consequently, all analyses were performed with general linear models (PROC GLM) and 

transformed data, specifying the correct F-ratios for random effects with the TEST statement. 

Except where stated otherwise, we present back-transformed least-square means and standard 

errors as descriptive statistics. Finally, we used PROC REG to relate family means for fruit 

number and insect abundances, with residuals being normally distributed in all cases. 

 

RESULTS 

Magnitude of plant genetic and soil fertility effects across trophic levels 

Fruit number 

Significant plant genetic variation was observed for fruit number, with up to three-fold 

differences among maternal plant families (mean ± SE: 33.50 ± 7.45 to 101.70 ± 10.35 fruits; 

Table 1.1). In addition, fertilization caused a significant (but comparatively lower) 1.4-fold 

increase in fruit number (fertilized = 76.90 ± 3.80; not fertilized = 54.10 ± 3.20 fruits) (Fig. 1.1). 

However, the family  fertilization effect was not significant, showing that these two factors 

acted independently on fruit production (Table 1.1).  
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Seed predator abundance 

A total of 2,005 fruits were collected, of which 58.3 ± 2.0% (raw mean and S.E.) were 

attacked by the seed predator. The initial statistical model showed significant effects of both 

plant family and fertilization on seed predator number (Table 1.1). In examining the strength of 

these effects, we found that maternal families showed up to two-fold differences (range from 

22.71 ± 3.48 to 45.42 ± 4.01 seed predators*plant
-1

) and explained 7% of total variation for seed 

predator abundance in the model (R
2
 = 0.07) (Fig. 1.1). In contrast, the effect of fertilization was 

comparatively smaller, causing a 1.5-fold increase in seed predator abundance (fertilized = 39.94 

± 2.15, unfertilized = 26.41 ± 1.73 seed predators*plant
-1

) (Fig. 1.1); the percent of variation 

explained by this effect was similar to that of maternal family (R
2
 = 0.09) (Table 1.1; Fig. 1.1). 

As with fruit number, family and fertilization had independent effects on seed predators (non-

significant family  fertilization interaction; Table 1.1). 

Parasitoid abundance 

A total of 655 parasitoid specimens were recorded, of which 84% (550 specimens) 

belonged to Bracon sp., followed by Pteromalidae (4.7%, 31), Tachinidae (1.98%, 13), and 

Ichneumonidae (0.61%, 4). The remaining specimens (ca. 8.7%) were not identified because the 

parasitoid exited the fruit prior to fruit collection. Across all parasitoid groups, 48.0 ± 2.0% of 

the recorded seed predator larvae were parasitized. Based on the initial model, we observed 

significant effects of both plant family and fertilization on parasitoid abundance (Table 1.1). 

Maternal families showed up to four-fold differences (8.58 ± 3.35 to 34.10 ± 4.17 parasitoids) 

and explained 12% of total variation for parasitoid abundance in the model (R
2
 = 0.12) (Fig. 1.1). 

The effect of fertilization was comparatively smaller, causing a 1.4-fold increase in parasitoid 

abundance (fertilized = 21.16 ± 1.88, unfertilized = 15.36 ± 1.48 parasitoids) and explaining only 
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3% of the total variation in the model (R
2
 = 0.03) (Table 1.1; Fig. 1.1). As for fruit number and 

seed predators (see above), plant family and fertilization had independent effects on parasitoids 

(non-significant family  fertilization interaction; Table 1.1). 

Mechanisms of plant genetic and soil fertility effects on tri-trophic interactions 

Plant-seed predator interactions 

The mechanistic model for seed predator abundance showed no evidence of plant genetic 

variation for seed predator abundance after accounting for significant effects of fruit number and 

fruit number
2
 (seed predators = 0.102fruit number –0.0004fruit number

2 
+ 1.54) (Table 1.2), 

showing that plant genetic variation for seed predators was mediated by genetic variation for 

fruit number. Results from this model also showed that the fruit number  family and fruit 

number
2
  family interactions were not significant, indicating that the rate of change in 

herbivore number for a given change in fruit number did not vary among maternal families 

(Table 1.2). Likewise, in parallel to the ecological trend observed for the mechanistic model, the 

regression analysis with plant family means showed a positive, saturating (non-linear) 

relationship, where plant genetic variation for fruit abundance explained 68% of plant genetic 

variation for seed predator abundance (seed predators = 1.28fruit number + 0.0091fruit 

number
2
 – 10.58) (Fig. 1.2A). Because the rate of seed predator abundance declined with 

increasing fruit abundance, plant family means for the proportion of fruits with seed predator 

also declined with fruit number, confirming an inverse density-dependent relationship (R
2 
= 0.72, 

P < 0.0001) (Fig. 1.2A, inset).  

The mechanistic model also showed that the effect of fertilization on seed predator 

abundance was not significant (albeit marginal) after accounting for fruit number and fruit 

number
2
 (Table 1.2), suggesting that fertilization effects on seed predator abundance were also 
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mediated by fruit number. Unlike maternal family effects, however, there was a residual 

(marginal) fertilization effect on seed predators after accounting for fruit abundance (fruit 

number and fruit number
2
; Table 1.2); this influence interacted with fruit number (marginally 

significant fruit number  fertilization and fruit number
2
  fertilization terms; Table 1.2), 

suggesting that plant-seed predator interactions changed across fertilization treatments. Indeed, a 

trend towards a greater rate of increase in seed predator number with fruit number was observed 

for fertilized relative to unfertilized plants (Fig. 1.3A). 

Seed predator-parasitoid interactions 

Results from the mechanistic model showed that the effect of plant family on parasitoid 

abundance became non-significant after accounting for seed predator abundance (Table 1.2), 

indicating that plant genetic variation for parasitoid number was mediated by seed predator 

abundance. The effect of seed predator number on parasitoids was significant (Table 1.2), 

showing a positive linear relationship (parasitoid abundance = 0.043seed predator number + 

3.01). We did not find evidence that plant family modified seed predator-parasitoid interactions 

(non-significant seed predator number  plant family interaction; Table 1.2). In parallel to the 

seed predator-parasitoid ecological association depicted by the mechanistic model, the regression 

model for plant family means indicated that 68% of plant genetic variation for parasitoid 

abundance was explained by plant genetic variation for seed predator number (Fig. 1.2B). The 

fact that the rate of parasitoid recruitment to seed predators was constant, and not-density 

dependent, can also be seen in the fact that the proportion of parasitized seed predators was 

independent of seed predator number (R
2
 = 0.10, P = 0.25) (Fig. 1.2B, inset). Finally, the 

combination of the saturating fruit-seed predator relationship and the linear response of 

parasitoids to seed predators implied a marginally significant saturating relationship between 
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parasitoid and fruit number, where the latter explained 34% of plant genetic variation for 

parasitoid abundance (parasitoid number = 1.070fruit number – 0.008fruit number
2
 –13.248) 

(Fig. 1.2C).  

Importantly, results from the mechanistic model for parasitoids also revealed a significant 

interaction between the effects of fertilization and seed predator abundance (Table 1.2). 

Specifically, fertilization modified seed predator-parasitoid interactions, such that the rate of 

increase in the number of parasitoids with the number of seed predators was lower for fertilized 

(number of parasitoids = 0.647number of seed predators – 3.29, R
2
 = 0.54, P < 0.001) relative 

to unfertilized plants (parasitoids = 0.740seed predators – 3.90, R
2
 = 0.72, P < 0.001) (Fig. 

1.3B).  

 

DISCUSSION 

Variation for R. nudiflora fruit number due to both plant genetics and soil fertilization 

had strong effects on herbivores, which cascaded up to the third trophic level. However, the 

strength of plant genetic effects on both the seed predator and parasitoids was greater than that of 

fertilization when measured in terms of effect sizes. This was consistent with estimates of effect 

strength based on percent of total variation explained, except for seed predator abundance where 

both factors had a similar explanatory power. Together, these findings support the idea that plant 

genetic effects on arthropod communities may be as strong or stronger compared to 

environmental factors (Johnson & Agrawal, 2005). Furthermore, the effects of plant genetic 

variation were based upon half-sib families (vs. clones or full-sib families) from a single 

population, whereas previous data show that the fertilization treatment had a similar magnitude 

of effect on plant growth relative to that caused by natural variation in soil conditions among 
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sites. Consequently, the observed difference between environment- and plant-genetic effects 

would have been even greater had we used genotypes from different sites (i.e., population-level 

genetic variation). Another important result was that plant genetic and fertilization effects 

operated independently across trophic levels, which contrasts with previous studies showing that 

plant genotypes interact with biotic (Abdala-Roberts et al., 2012) and abiotic (Stiling & Rossi, 

1996; Johnson & Agrawal, 2005) factors in shaping arthropod communities. This finding 

suggests a lack of growth-defense or reproduction-defense trade-offs for the studied R. nudiflora 

genotypes. 

In examining the mechanisms mediating these bottom-up effects, we found that variation 

for resource abundance (i.e., fruit number) due to both maternal family and fertilization affected 

seed predators and parasitoids via density-mediated effects (i.e., interaction chains), with the 

shape of these resource-consumer relationships changing across trophic levels. However, these 

bottom-up factors differed with respect to whether they mediated consumer-resource 

interactions: Whereas soil fertilization mediated higher trophic-level interactions – increasing the 

number of seed predators per fruit and decreasing the number of parasitoids per seed predator – 

variation among plant families did not mediate consumer-resource interactions. Together, these 

findings illustrate that environmental and plant genetic-based variation for resource abundance 

can independently cascade up food chains to higher trophic levels, and that these sources of 

variation may differ with respect to the strength and underlying mechanisms of their effects.  

Shape of resource-consumer relationships across the food chain 

The relationship between fruit and seed predator number approximated a Type II 

functional response (sensu Holling, 1959), with a decelerating response of seed predators to fruit 

abundance (Fig. 1.1A), such that the proportion of attacked fruits declined with increasing fruit 
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abundance (Fig. 1.1A, inset). At least three mechanisms may account for the shape of this 

relationship. First, plant families that produce more fruits may be better defended against seed 

predators. However, we did not measure plant resistance traits, and thus have no basis by which 

to test this hypothesis. Second, stronger herbivore suppression by parasitoids on plants with more 

fruits could have caused an avoidance of ovipositing female moths for plants with large fruit 

display sizes (i.e., enemy free space; Jeffries & Lawton, 1986). Our results do not support this 

hypothesis as parasitism rates did not vary with herbivore abundance (Fig 1.1B, inset). Finally, 

plant families producing larger fruit display sizes may have received proportionally less attack 

due to herbivore satiation. In support of this explanation, larger fruit display sizes in this plant 

species have been shown to maximize fruiting synchrony (because plants with larger display 

sizes tend to bear fruits for longer periods of time, which maximizes temporal overlap in fruiting 

with neighboring plants) and thus lead to herbivore satiation (V. Parra-Tabla, unpublished; 

reviewed by Elzinga et al., 2007).  

In contrast to seed predators, parasitoid number increased linearly with seed predator 

abundance (Fig. 1.1B), yielding a Type I density-independent functional response (Holling, 

1959) where the proportion of parasitized seed predators was unrelated to seed predator 

abundance over a wide range of herbivore densities (Fig. 1.1B, inset; reviewed by Stiling, 1987; 

Walde & Murdoch, 1988). The observed difference between parasitoid and seed predator 

functional responses may be due to contrasting foraging behavior and efficiency (Schädler et al., 

2010). Indeed, while satiation may have influenced seed predator attack, factors such as egg-

laying or handling time (typically yielding parasitoid negative density-dependence) apparently 

did not influence parasitism rates during this study and thus did not lead to parasitoid satiation. 

Overall, these results suggest that a mechanistic understanding of bottom-up effects on multi-
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trophic interactions requires an explicit examination of the shape of resource-consumer 

relationships across trophic levels (e.g., tests for non-linearity).  

Plant genetic effects on tri-trophic interactions 

Plant genetic variation for fruit number cascaded up the food chain via density-mediated 

effects by influencing the abundance of seed predators (directly) and parasitoids (indirectly). 

This finding agrees with previous work showing density-mediated indirect effects of plant 

genotype on herbivores and predators (e.g., Bailey et al., 2006; Johnson, 2008; Mooney & 

Agrawal, 2008). In addition, some of these studies have also shown that plant genotypes mediate 

interactions at higher trophic levels, presumably through changes in traits among the interacting 

species (Mooney & Agrawal, 2008). However, our findings suggest that R. nudiflora genetic 

effects did not operate in this manner as the function of plant-seed predator or seed predator-

parasitoid interactions remained unchanged across maternal families. It is important to note, 

however, that even though plant-seed predator interactions did not differ among families (i.e., 

non-significant family  fruit number effect on seed predators), the non-linear relationship 

between fruit and seed predator number intrinsically leads to differences among plant genotypes 

in the rates of attack by seed predators: families producing few fruits experience stronger per 

capita effects of seed predators (i.e., more herbivores per fruit), while those producing more 

fruits receive lower per capita effects (Fig. 1.1A). This finding suggests that seed predators will 

select for plant genotypes with larger display sizes. 

We observed stronger overall effects of plant genetic variation on parasitoid abundance 

(four-fold, R
2
 = 0.12) compared to seed predator abundance (two-fold, R

2 
= 0.07). This contrasts 

with previous studies showing that plant genotype and species effects are stronger on herbivores 

than on predators, presumably because the former respond more strongly to genetically-based 
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trait variation in plants (Johnson & Agrawal, 2005; Scherber et al., 2010). Hence, our results 

suggest that predators and parasitoids may be more responsive to plant genetic variation than 

previously thought (e.g., when plant traits directly influence predator foraging; Hare, 2002). 

Soil fertilization effects on tri-trophic interactions 

As for plant family effects, fertilization also operated via density-mediated effects across 

trophic levels by increasing herbivore abundance and, in turn, parasitoid abundance (Stiling & 

Rossi, 1996; Bridgeland et al., 2010). In contrast to plant genetic effects, however, fertilization 

effects acted through interaction modification by increasing the rate of seed predator attack on 

fruits (marginally significant) and decreasing the rate of parasitoid attack on seed predators. 

Indeed, the fact that fertilization weakened parasitoid effects on seed predators may have led to 

greater seed predator attack rates on fertilized plants, presumably through a behavioral response 

in which seed predators sought to escape stronger enemy effects on unfertilized plants. It is likely 

that lower parasitism rates on fertilized plants resulted from a change in plant or herbivore traits 

indirectly influencing parasitoids (i.e., trait-mediated indirect effect; Strauss & Irwin, 2004; 

Ohgushi, 2005). Specifically, we speculate that faster development of herbivores in fruits from 

fertilized plants lowered the probability of parasitoid attack, whereas slower larval development 

facilitated detection by parasitoids and resulted in higher parasitism rates on unfertilized plants 

(i.e., slow-growth, high-mortality hypothesis; Williams, 1999; Mooney et al., 2012). This 

argument is supported by the fact that parasitoid species in this system attack eggs or first instar 

larvae of the seed predator, and that seed predator larvae complete their development in less than 

a week. Thus, slight changes in herbivore larval developmental time may have strong effects on 

the opportunity for parasitoid oviposition during these early stages. 
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Conclusions 

Our findings show that plant phenotypic effects cascading up the food chain may differ 

depending on whether the underlying source of variation are plant genetics or the environment. 

We found that maternal plant family effects were transmitted to the third trophic level, were 

consistent across differing soil fertility environments, and were generally stronger than 

fertilization effects. These results emphasize the importance of plant genotype as a structuring 

force of arthropod communities relative to environmental factors. Our findings also show that 

plant genotype and environmental effects may independently cascade up food chains as well as 

influence species interactions through contrasting mechanisms. Based on these results, we 

conclude that understanding the strength and nature of bottom-up effects is as important as 

determining the overall magnitude of plant trait variation influencing multi-trophic communities. 

Furthermore, in comparing enviromental and plant genetic effects on higher trophic levels, this 

work builds towards a more complete understanding of the tri-trophic consequences of plant 

genetic variation. 
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Table 1.1. Summary of results testing for half-sib family, fertilization (F) and family by 

fertilization effects on Ruellia nudiflora cleistogamous fruit number, seed predator abundance, 

and parasitoid abundance and community structure. D.F. = numerator, denominator degrees of 

freedom. Significant (P < 0.05) are in bold. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Response  Source  D.F. F-value P-value 

Fruit number Family 13,13 3.84 0.01 

 Fertilization 1,13.37 20.40 0.0005 

 Family  fertilization 13,197 1.09 0.373 

Seed predator abundance Family 13,13 5.43 0.002 

 Fertilization 1,14.68 86.80 <0.0001 

 Family  fertilization 13,197 0.25 0.99 

Parasitoid abundance Family 13,13 4.09 0.008 

 Fertilization 1,13.68 10.41 0.006 

 Family  fertilization 13,193 0.65 0.813 
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Table 1.2. Summary of results testing for mechanisms by which Ruellia nudiflora maternal 

family and soil fertilization influence seed predator and parasitoid abundance. Seed predator = 

seed predator number; D.F. = degrees of freedom. Significant (P < 0.05) and marginal (0.05 < P 

< 0.10) results are in bold and italics, respectively. The seed predator
2
 term was previously 

removed from parasitoid abundance model owing to its non-significance. 

   

 

 

 

 

 

 

 

 

 

 

Response  Source  D.F. F-value P-value 

Seed predator number Family 13,178.6 0.53 0.903 

 Fertilization 1,177.3 3.02 0.084 

 Family  fertilization 13,167 0.61 0.842 

 Fruit number 1,167 39.86 <0.0001 

 Fruit number  family 13,167 0.82 0.633 

 Fruit number  fertilization 1,167 2.81 0.095 

 Fruit number
2
 1,167 13.24 0.0004 

 Fruit number
2 
 family 13,167 0.96 0.497 

 Fruit number
2
  fertilization 1,167 3.39 0.067 

Parasitoid number Family 13,157.1 1.20 0.282 

 Fertilization 1,166.1 5.29 0.022 

 Family  fertilization 13,178 0.68 0.782 

 Seed predator number 1,178 195.08 <0.0001 

 Seed predator  family 13,178 1.16 0.310 

 Seed predator  fertilization 1,178 9.96 0.001 
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Figure 1.1. Effect sizes estimated as log-response ratios for R. nudiflora maternal family and soil 

fertilization effects on fruit, seed predator and parasitoid abundance. Values above each bar 

represent R
2
 values for each main effect based on model Type III sums of squares.  

 

 

 

 

 

 

 

 

 

 



 
 

35 

R2 = 0.68, P < 0.0001
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Figure 1.2. Regressions based on R. nudiflora half-sib family means showing (A) the relationship 

between cleistogamous fruit number and seed predator abundance, (B) between seed predator 

abundance and parasitoid abundance, and (C) between cleistogamous fruit number and parasitoid 

abundance. Insets for panels A and B have as Y-axes the proportion of fruits with seed predator 

(fruits with seed predator / total fruit number) and the proportion of parasitized seed predators 

(parasitized seed predators / seed predator number), respectively. The inset for panel C shows the 

proportion of fruits with parasitoid relative to fruit number. Squares are back-transformed least-

square means and S.E. for each fertilization treatment level. 
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Figure 1.3. Relationship between (A) number of fruits and number of seed predator larvae, and 

(B) between number of seed predator larvae and number of parasitoids in fruits of Ruellia 

nudiflora. Regression lines are presented separately for each soil fertilization treatment. 
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CHAPTER 2: Soil fertility and parasitoids shape herbivore selection on plants 

 

INTRODUCTION 

Over the last two decades, research on species interactions has shifted from the study of 

pairwise interactions to examining how the effects of one species on another are influenced by 

the matrix of interactions in which each species is embedded (Strauss & Irwin, 2004). Much of 

the work on this subject has involved plants and insects, looking at how plants mediate 

interactions among herbivores, pollinators and carnivores (Strauss & Irwin, 2004; Ohgushi, 

2005), how plant competition mediates plant-herbivore interactions (Hämback & Beckerman, 

2003; Agrawal, 2004; Linhart et al., 2005), and how plants mediate herbivore-predator 

interactions (Fritz, 1995; Hare, 2002; Mooney & Singer, 2012). In parallel to these ecological 

dynamics, it has also become increasingly clear that the evolutionary outcomes of species 

interactions are contingent upon the community context (Inouye & Stinchcombe, 2001; Strauss 

et al., 2005; Walsh, 2013).  

Geographic variation in the intensity of ecological interactions suggests that the presence 

of diffuse coevolutionary dynamics (Zangerl & Berenbaum, 2003; Siepelski & Benkman, 2004; 

Thompson, 2005), where selection among pairs of interacting species is modified by the 

community context (Strauss et al., 2005; Haloin & Strauss, 2008). A handful of studies have 

tested directly for diffuse selection, particularly in the context of selection on plant resistance to 

multiple herbivores within a single site (Simms, 1990; Iwao & Rausher, 1997; Juenger & 

Bergelson, 1998; Stinchcombe & Rausher, 2001; see also Walsh, 2013). From a mechanistic 

standpoint, it has been proposed that interaction modifications (sensu Wooton, 1994), where one 

species modifies the function of the interaction between two other species, have important 
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evolutionary implications and may lead to diffuse selection (Miller & Travis, 1996; Inouye & 

Stinchcombe, 2001; Strauss et al., 2005). However, context-dependent selection can also arise in 

the absence of interaction modifications when the recruitment responses of interacting species 

are non-linear (for other examples see Inouye & Stinchcombe, 2001). For instance, if the 

selective effect of a consumer on its resources varies as a function of resource density (i.e., 

density-dependent attack), then third parties (or other factors) altering resource density could 

alter consumer selection (Mooney & Singer, 2012; Singer et al., 2012), even if the (non-linear) 

function describing resource-consumer interactions remains unchanged. As an example, Singer 

et al. (2012) demonstrated that the intensity of bird predation on caterpillars varied among eight 

host tree species based on caterpillar density, suggesting that selection by birds might vary 

amongst tree species even if the density-dependent functional response of birds to caterpillars 

was uniform. 

Despite good examples of diffuse selection, we still know very little about how predators 

and the plant’s resource environment alter herbivore selection on plants. For instance, there is 

ample evidence for carnivore indirect effects on plant biomass (Schmitz et al., 2000) and fitness 

(Romero & Koricheva, 2011), but to date virtually no study has tested if carnivores modify 

herbivore selection on plants (see Rudgers, 2004; Rutter & Rausher, 2004 for direct selection by 

predators on plants). Similarly, very few studies have looked at how abiotic forces such as soil or 

climatic factors shape the evolution of plant-herbivore interactions (Johnson & Stinchcombe, 

2007; Kolb & Ehrlén, 2010). As a result, we have a limited understanding of how tri-trophic 

interactions and environmental effects shape the evolutionary outcomes of consumptive 

interactions (Mooney et al., 2012).  
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Ruellia nudiflora Engelm. and Gray Urb. (Acanthaceae) is a short-lived perennial herb 

found throughout southeast Mexico (Ortegon-Campos et al., 2012). It produces cleistogamous 

(CL) flowers, which do not open and self-pollinate obligately, and chasmogamous (CH) flowers, 

which do open and are visited by pollinators. Fruits from both types of flower are attacked by the 

larvae of a seed-eating moth, which in turn is attacked by several species of parasitoids (Abdala-

Roberts et al., 2010). We previously documented the effects of plant genetic family and soil 

fertility on fruit production, and investigated the mechanisms by which these two sources of 

variation in fruit number cascaded up the food chain (Abdala-Roberts & Mooney, 2013, i.e., 

Chapter 1). Here, we analyze additional data from the same experiment to determine whether 

parasitoids and soil fertility influence selection by the seed predator on R. nudiflora reproductive 

display size (Abdala-Roberts et al., 2014a). Young plants of this species reproduce almost 

entirely through CL reproduction (ca. 90% of fruit output; data from this study) and, in the 

present experiment, the few CH flowers produced were consumed by vertebrate herbivores, so 

selection by seed predators and parasitoids occurred solely through feeding on CL fruits. 

Specifically, we tested for seed predator selection on CL fruit number, and if such selection was 

altered by both parasitoids and soil fertility. In doing so, our aim was to understand the dual 

influence of consumers and resources on plant trait evolution, and we interpret our findings with 

respect to the shape of the relationships (i.e., functional or recruitment responses) describing 

plant-seed predator and seed predator-parasitoid interactions. To our knowledge, this study offers 

the first test for carnivore effects on herbivore selective impacts, and further evaluates the 

potential for the plant resource environment to influence the selective outcomes of multi-trophic 

interactions.  
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MATERIALS AND METHODS 

Ruellia nudiflora is a short-lived (two- to three-year lifespan), self-compatible, perennial 

herb distributed from southwestern US to southeast Mexico, and in Yucatan (Mexico) it grows 

across a wide range of climatic and soil conditions (Ortegon-Campos et al., 2012). 

Chasmogamous (CH) flowers have an open purple corolla (2.33 ± 0.04 [mean ± S.E.] cm in 

diameter) and are visited by insect pollinators, whereas cleistogamous (CL) flowers do not open, 

have reduced pale yellow corollas (0.2-0.3 cm in diameter), and self-pollinate obligately; CH 

flowers also frequently self-pollinate autonomously upon corolla dehiscence when anthers come 

into contact with the stigma (Abdala-Roberts et al., 2014b). In addition, CH flowers are found on 

vertical inflorescence stalks that are 20 to 30 cm in height, while CL flowers are usually 

produced on lateral inflorescences at the base of the plant. The peak of CH flower production is 

during July and August, and CL flower output is usually greater and spans over a longer period 

of time (Munguía-Rosas et al., 2012). Fruits are dry and dehiscent, with CH and CL fruits 

producing a mean of 13.27 ± 0.16 (S. E.) and 9.44 ± 0.02 seeds, respectively (data from this 

study). Finally, reproduction is strongly CL-biased during the first year of life (as observed in 

this study), a common pattern in cleistogamous species (Culley & Klooster, 2007). 

Both CH and CL fruits are attacked by larvae of a single, as-yet unidentified, species of 

noctuid moth (Lepidoptera: Noctuidae) that feeds on seeds prior to fruit dehiscence. Adult 

female moths oviposit on recently pollinated flowers and, except when parasitized, a single larva 

grows inside a developing fruit and usually consumes all the seeds within a given fruit (95 ± 

0.10% [mean ± S.E.] of seeds consumed per attacked fruit; Abdala-Roberts & Mooney, 2013). 

Previous work has shown differences among plant genotypes in seed predator attack and in plant 

traits influencing seed predation (e.g., reproductive display size; Abdala-Roberts & Mooney, 
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2013). In addition, seed predators show a non-linear, saturating functional response as estimated 

by a quadratic regression model where both fruit number (P < 0.0001) and fruit number
2
 (P = 

0.0004) are significant predictors of seed predator abundance (seed predator number = 1.28*fruit 

number + 0.0091*fruit number
2
 –10.58; Fig. 2.1A) (Abdala-Roberts & Mooney, 2013). As a 

result, increasing fruit output reduces the proportion of fruits attacked per plant (i.e., negative 

density-dependent attack; Fig. 2.1A, inset) (Abdala-Roberts & Mooney, 2013). In turn, seed 

predator larvae are attacked by seven species of parasitic wasps belonging to Braconidae (four 

species), Ichneumonidae (one) and Pteromalidae (two), as well as one fly species of Tachinidae. 

Parasitoids stop or reduce seed predator feeding, thus having an indirect positive effect on plant 

fitness by “rescuing” seeds from seed predator consumption (Abdala-Roberts et al., 2010). Data 

from this experiment indicate that attack by the most abundant parasitoid at the study site 

(Bracon sp.) is density-independent (Fig. 2.1B, inset), i.e., the proportion of parasitized 

herbivores is unrelated to the number of fruits attacked by the seed predator (Abdala-Roberts & 

Mooney, 2013). 

Experimental set-up 

We established a common garden field experiment at a site located 4.6 km east of the 

town of Molas, Yucatan, Mexico (20°29’10’’N, 89°59’75’’W) to factorially test for the effects 

of R. nudiflora plant family (14 maternal lines) and soil fertilization (fertilized or unfertilized) on 

tri-trophic interactions among plants, seed predators, and parasitoids (Abdala-Roberts & 

Mooney, 2013, i.e., Chapter 1). Initially, CH fruits were collected from 14 mother plants at a 

population located 10 km away from the common garden. All the seeds collected from a given 

plant were considered a maternal family composed of a mixture of full- and half-sibs. Two 

months after seed germination, 20 seedlings per family were transplanted to the common garden 
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(n = 280), where distances among rows and among plants within rows was 0.5 m and plant 

positions were randomized throughout the plot. Mortality was low throughout the experiment 

(<5%) and sample size was 17.73 ± 0.41 (range: 16-20) plants per family at the end of the 

experiment.  

For the soil fertility treatment, we randomly selected half of the plants of each family, and 

watered them twice with 40 ml of a solution (Ferticoral, Impulsora Agroquímica del Sureste, 

Mexico) containing N (20%), P (30%) and K (10%), at a concentration of 2 g per liter. This level 

of fertilization released plants from nutrient limitation sufficiently to cause a 1.5-fold increase in 

leaf production (not fertilized [NF] = 8.13 ± 0.45 leaves; fertilized [F] = 12.40 ± 0.55 leaves; 

Abdala-Roberts & Mooney, 2013), which falls within the range of fertilization effect sizes for 

plant biomass reported by previous studies in terrestrial ecosystems (Gruner et al., 2008). This 

fertilization effect size is also comparable to variation in plant growth amongst R. nudiflora 

populations, as a 1.4 to 1.5-fold difference in above-ground biomass was observed for plants 

grown with contrasting soil conditions from sites where this species naturally occurs (Ortegón-

Campos et al., 2012). Specifically, plants from two populations (neither one used in this study) 

were grown in two naturally occurring soils, with a 1.5-fold difference in plant growth between 

soil types for one population (mean in soil A = 4.79 ± 0.63 g, mean [± S. E.] in soil B = 3.21 ± 

2.15 g), and a 1.4-fold difference for another population (soil A = 2.88 ± 0.36 g; soil B = 4.08 ± 

0.76 g; Ortegón-Campos et al., 2012). During fertilizer application, we took special care to 

minimize runoff to neighboring plants; runoff was also reduced by growing plants at the center 

of a depression at each planting point. Fertilization did not influence seed predator (F = 59.1 ± 

2.3%; NF = 55.4 ± 2.6% of fruits attacked) or parasitoid (F = 54.9 ± 2.7%; NF = 54.5 ± 3.2% of 

seed predators parasitized) attack, measured as the proportion of attacked fruits and the 
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proportion of attacked fruits with parasitoids (i.e., proportion of parasitized seed predator larvae) 

respectively, but did modify seed predator and parasitoid recruitment responses (Abdala-Roberts 

& Mooney, 2013). 

From September 2011 to December 2011, we conducted weekly counts of CL fruits 

produced by each plant. We found up to three-fold differences among families for CL fruit 

output (mean [± SE]: 33.50 ± 7.45 to 101.70 ± 10.35 fruits), which resulted in significant 

genotypic variation for this trait (Abdala-Roberts & Mooney, 2013). Likewise, we found up to 

two-fold differences among families in the proportion of fruits attacked by the seed predator 

(35.2 ± 4.2% to 75.1 ± 5.6%; P = 0.005) and in the proportion of attacked fruits with parasitoids 

(36.3 ± 9.7% to 77.1 ± 5.4%; P = 0.12) (Abdala-Roberts & Mooney, 2013). On the other hand, 

CH flowers were consumed by vertebrates prior to fruit maturation (Abdala-Roberts & Mooney, 

2013) and – had they matured – CH fruits would have constituted only a small portion (< 10%) 

of total fruit production. Such pattern, where reproduction is strongly skewed towards CL 

reproduction during the first year of life, is common in R. nudiflora as well as other 

cleistogamous species (Culley & Klooster, 2007). Accordingly, only CL fruits were available to 

seed predators (and parasitoids), and only CL seed contributed to plant fitness during this 

experiment. Older plants invest similarly in CH and CL reproduction and produce close to twice 

as many fruits each year compared with first year plants (Munguia-Rosas et al., 2012). Based on 

this, CL seed production for first year plants typically represents between 20 and 30% of lifetime 

seed production depending on whether plants live three or two years, respectively. Although 

previous work has shown that CL and CH seeds have similar germination rates, the above 

percentages based upon seed output may be a moderate overestimation of the contribution of first 

year CL reproduction to lifetime fitness considering that CL seedlings have lower performance 
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than CH seedlings under high competition (E. Gutiérrez, unpublished data) or low light 

availability (Munguía-Rosas et al., 2013). Regardless of this consideration, however, first year 

CL seed production is probably correlated with and represents an important component of 

lifetime fitness. CL fruits were sampled from each plant on a weekly basis from September 2011 

to December 2011 and dissected to record seed number, and seed predator and parasitoid 

presence. Weekly sampling of fruits provided a precise measure of total fruit production (as well 

as insect attack) per plant because fruits take ca. 10 days to mature. During each visit we 

collected all mature fruits per plant. 

Seed predator selection on the plant: effects of parasitoids and soil fertility 

Plant fitness under different trophic scenarios 

Although performing field manipulations of seed predator and parasitoid abundance is the 

ideal approach to test for their effects on plant fitness, experimentally excluding seed predators 

and parasitoids to test for their effects on plant fitness is not feasible in this study system. In 

particular, seed predators cannot be excluded without affecting pollinators, and parasitoids 

cannot be excluded without affecting seed predators and pollinators. Yet the nature of this 

system makes it possible to measure the impacts of seed predators and parasitoids without 

experimental manipulation. Unparasitized seed predators consume virtually all seeds in a fruit, 

whereas parasitized seed predators do not. The seeds remaining in a fruit following parasitoid 

attack (i.e., seed rescue) thus represent a precise measure of parasitoid indirect effects on plant 

fitness (in this study, 23 ± 1.0% of total seeds produced per plant were rescued by parasitoids). 

At the same time, undamaged fruit size is correlated with seed number (Pearson’s r = 0.70, P < 

0.0001, n = 116), and there is no detectable difference in the size of fruits attacked and not 

attacked by seed predators (Abdala-Roberts & Mooney, 2013). Therefore, seed number in 
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unattacked fruits can be used to estimate potential seed production (i.e., fitness) in the absence of 

seed consumption and thus the number of seeds lost to seed predators. 

We calculated the fitness of each plant under three contrasting trophic scenarios. First, for 

each plant we estimated potential seed number in the absence of seed predator effects (hereafter 

“mono-trophic” scenario) by multiplying the number of CL fruits produced (i.e., based on the 

sum of weekly counts) by the corresponding plant family mean for seed number per unattacked 

fruit, specific to each fertilization level. Second, fitness in the presence of seed predators alone 

(hereafter “bi-trophic” scenario) was estimated by assuming that all seeds rescued by parasitoids 

were instead lost to seed predation (potential seed number – seeds consumed assuming no seed 

rescue); results did not change qualitatively after accounting for rare cases of remaining seeds in 

fruits with unparasitized herbivores (i.e., 5% of the cases), thus for simplicity we assumed that 

all seeds were consumed in attacked fruits without parasitoid. Finally, the observed number of 

seeds per plant (direct counts from collected fruits) represented a measure of fitness in the 

presence of both seed predators and parasitoids (hereafter “tri-trophic” scenario). Previous work 

has shown that seed predator and parasitoid attack vary greatly across R. nudiflora populations 

(in situ measurements ranging from 5-60% and 0-65%, respectively, n = 21 populations; Abdala-

Roberts et al., 2010). Therefore, these trophic treatments provide a realistic representation of the 

range of spatial variation in tri-trophic interaction strength, including populations where both 

seed predation and parasitism are low (mono-trophic scenario), seed predation is high but 

parasitism is low (bi-trophic scenario), as well as cases where parasitism is high (tri-trophic 

scenario) (Abdala-Roberts et al., 2010). 

Our measure of seed predation may overestimate seed predator impacts on plant fitness if 

plants reduce resource investment in attacked fruits, possibly in turn increasing investment in 
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unattacked fruits. There are two potential mechanisms for this: First, maturation of attacked 

fruits might be halted via selective fruit abortion (e.g., Östergard et al., 2007); second, attacked 

fruits might produce fewer or smaller seeds. We offer two lines of evidence that suggest that 

resource reallocation effects were weak or absent in this system. First, while R. nudiflora has 

been shown to abort fruits under some conditions (e.g., due to low pollen loads or low light 

availability; Abdala-Roberts et al., 2014b), we did not find evidence of fruit abortion for 

experimental plants at the field site (n = 161 flowers [and the fruits they set] followed throughout 

a one-month period; L. Abdala-Roberts unpublished). Because some of these fruits were 

attacked, this suggests that seed predator damage (and/or other factors) did not induce selective 

fruit abortion. Second, fruit size of attacked and unattacked fruits is identical and this trait is 

correlated with seed number. Although it is possible that fruit elongation was not affected by 

seed predator damage while seed production and maturation were reduced, this provides at least 

partial evidence that resources were not shunted from attacked fruits as this could have caused a 

reduction in size of attacked fruits. Finally, for each family we related the mean number of seeds 

per unattacked fruit for each plant to the proportion of attacked fruits per plant, and in all cases 

found either no relationship (R
2 

values ranging from 0.0006 to 0.15) or a negative relationship 

(four families, R
2 

values ranging from 0.26 to 0.66). If resources had been diverted from 

damaged fruits, this would have resulted in a positive relationship where plants with a greater 

proportion of attacked fruits should have undamaged fruits with more seeds.  

Relative fitness and selection under different trophic scenarios 

We computed three estimates of relative fitness for each plant by dividing CL seed 

number for each trophic scenario by the overall (i.e., population) mean CL seed number specific 

to each scenario. Subsequently, we calculated plant family means for relative fitness specific to 
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each trophic scenario and fertilization treatment. We then measured selection on CL fruit number 

by regressing family means for relative fitness onto CL fruit number, and using ANCOVA then 

compared these slopes (i.e., selection gradients) among trophic scenarios within each fertility 

environment, as well as across fertility environments separately for each trophic scenario (see 

statistical procedures ahead). 

Seed number per fruit is relatively conserved and varies little among plant families (1.2-

fold: mean ± SE: 8.64 ± 0.44 to 10.27 ± 0.30), thus positive selection on fruit number was 

expected. Yet genotype variation in CL fruit number is large (three-fold: 33.50 ± 7.45 to 101.70 

± 10.35; Abdala-Roberts & Mooney, 2013), suggesting trade-offs between current and future CL 

fruit production, or between fruit production and other fitness components (e.g., CH 

reproduction) maintain variation in CL fruit output (otherwise, such variation would be much 

smaller or absent as fruit number is strongly correlated with plant fitness). Accordingly, our aim 

was to investigate natural selection imposed by seed predators on CL fruit number, and how this 

selection is modified by parasitoids and the resource environment.  

Statistical procedures 

We performed simple linear regression analyses with PROC REG in SAS ver. 9.1 (SAS 

Institute 2002, Cary, NC) using plant family means to test for directional selection on CL fruit 

number. Because quadratic terms testing for disruptive or stabilizing selection were never 

significant (0.07 ≤ P ≤ 0.98), we present results for models assessing only directional selection. 

We regressed plant family means for relative fitness onto CL fruit number, separately for each 

trophic scenario (mono-, bi-, and tri-trophic), both under low and high soil fertility. We used 

family means for all selection analyses because genotypic selection analysis avoids 

environmentally-induced correlations between measured and unmeasured traits that can 
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influence estimates of plant fitness in phenotypic selection analyses (Rausher, 1992; Iwao & 

Rausher, 1997; Stinchcombe et al., 2002). It is important to note, however, that family-level 

replication was relatively low (n = 14), and while we were still able to detect treatment effects on 

patterns of linear selection (see Results), this may have prevented the detection of non-linear 

patterns of selection. We calculated standardized selection gradients () for each regression 

model by multiplying original slope values by the population standard deviation for fruit number 

(Lande & Arnold, 1983; Stinchcombe, 2005), and provide corresponding standard errors. 

To test for differences in slope values (i.e., selection gradients) between trophic scenarios 

and levels of soil fertility, we first performed an ANCOVA model using the entire data set and 

modeling relative fitness as dependent upon CL fruit number, our experimental factors (trophic 

scenario and soil fertility), all two-way interactions, and the three-way interaction. We were 

particularly interested in the fruit number  fertility treatment and fruit number  trophic 

scenario interactions because these terms tested for an effect of soil resource environment and 

trophic complexity, respectively on the selection gradient for CL fruit number. Accordingly, if 

this model yielded significant interactions, we proceeded to assess specific differences in 

selection between trophic scenarios within each fertility environment, as well as the effect of 

fertility on selection separately under each trophic scenario based upon a set of component 

ANCOVAs using subsets of the entire data set. First, we ran component ANCOVAs to compare 

pairs of slopes from each trophic scenario one at a time, separately within each level of soil 

fertility, for a total of six analyses (three pairwise combinations under each fertilization level). 

The test of difference in slopes between the mono- and bi-trophic scenarios assessed the selective 

effect of seed predators on CL fruit number, while the test of difference in slopes between the bi- 

and tri-trophic scenarios assessed the effect of parasitoids on selection by the seed predator. 
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Second, we performed another set of component ANCOVAs (three) to compare the slopes of 

each trophic scenario across fertilization treatments. In this case, the test of difference in slopes 

across fertilization treatments for the bi-trophic scenario, for example, assessed the effect of soil 

fertility on selection by the seed predator.  

Residuals from all regression and ANCOVA models were normally distributed (P > 0.05; 

Kolmogorov-Smirnov tests). For simplicity, we only report results for the interaction terms from 

the component ANCOVA models. The overall ANCOVA with the full data set as well as the 

component ANCOVAs testing for differences in selection gradients among pairs of trophic 

scenarios within each fertilization treatment were performed in SAS ver. 9.1 with PROC MIXED 

because these models included the effect of plant family, treated as random, to control for using 

the same plants within each family to compute fitness values for each trophic scenario within a 

given fertility environment. We did not test for the significance of the family effect since we 

were only interested in accounting for these repeated values per family in our analyses. 

ANCOVAs testing for differences in selection gradients across fertilization levels for each 

trophic scenario were conducted with PROC GLM. For the component ANCOVAs, the slope of 

each subset of the data (i.e., for a given trophic scenario) was used three times for comparison 

with slopes from other subsets: twice when comparing against slopes of other trophic scenarios 

within a given fertility environment, and once when comparing with the slope of same trophic 

scenario across fertility environments. Accounting for these multiple comparisons yields a 

corrected P-value of 0.017 (0.05/3) as cut off level for statistical significance (which is a 

conservative correction; García, 2004). However, in all cases statistical differences among slopes 

were strong (P-values ranging from 0.01 to < 0.0001, see Results) and remained significant after 

P-value correction. Thus, we report results based upon uncorrected significance values. 



 

 

 

50 

RESULTS 

Under both fertilized and unfertilized environments, positive directional selection on CL 

fruit number was observed under all three trophic scenarios, being weakest for the mono-trophic 

scenario, intermediate for the tri-trophic scenario, and strongest for the bi-trophic scenario (Table 

2.1).  

The overall ANCOVA based upon the entire data set revealed significant fruit number  

fertility, fruit number  trophic scenario, and fruit number  fertility  trophic scenario 

interactions, indicating that patterns of selection on CL fruit number were altered by soil fertility 

and trophic complexity (Table 2.2). To assess differences in the strength of selection between 

levels of soil fertility and trophic scenarios, we used component ANCOVAs to compare changes 

in selection among trophic scenarios separately within each fertility environment, as well as 

changes in selection across fertility environments within each trophic scenario.  

Unfertilized environment 

In comparing the mono- and bi-trophic scenarios using ANCOVA, we found that 

accounting for seed predator effects caused a significant (86%, based upon comparison of 

standardized selection gradients) increase in the strength of directional selection, indicating that 

seed predators strengthened selection on fruit number (significant fruit number  trophic 

scenario term, mono- vs. bi-trophic comparison; F1,12 = 42.97, P < 0.0001) (Table 2.1 and Fig. 

2.2A), with the underlying mechanism being that this herbivore exhibits negative density-

dependent recruitment to fruits (Fig. 2.1A; Abdala-Roberts & Mooney 2013). Importantly, the 

ANCOVA comparing the bi- and the tri-trophic selection gradients revealed that parasitoids 

dampened selection by seed predators on fruit number as the tri-trophic selection gradient was 

significantly (28%) weaker relative to the bi-trophic selection gradient (F1,12 = 15.34, P = 0.002) 
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(Fig. 2.2A). However, despite this parasitoid dampening effect, selection gradients for the mono- 

and tri-trophic scenarios still differed significantly (ANCOVA: F1,12 = 34.68, P < 0.0001) (Fig. 

2.2A). 

Fertilized environment 

As for unfertilized conditions, ANCOVA indicated that directional selection on fruit 

number under the fertilized environment became (43%) stronger once the effect of seed 

predators was accounted for (bi-trophic scenario) relative to selection under the mono-trophic 

scenario (significant fruit number  trophic scenario term, mono- vs. bi-trophic comparison: 

F1,12 = 7.97, P = 0.01). However, contrary to unfertilized conditions, we found no difference in 

selection gradients between the bi- and tri-trophic scenarios (ANCOVA: F1,12 = 0.71, P = 0.41) 

(Fig. 2.2B), indicating that parasitoids did not influence selection by the seed predator. In 

addition, the difference in selection gradients between the mono- and tri-trophic scenario was 

significant (ANCOVA: F1,12 = 12.05, P = 0.004) (Fig. 2.2B). 

Cross-environment comparison 

We found that the mono-trophic selection gradient did not change across soil fertility 

environments (ANCOVA: non-significant fertilization  fruit number interaction, mono-trophic 

scenario; F1,24 = 0.26, P = 0.61) (Fig. 2.2A, B). However, fertilization did cause a significant 

(40%) reduction in the strength of the bi-trophic selection gradient (ANCOVA: F1,24 = 6.52, P = 

0.01) (Fig. 2.2A, B). This latter result could have been due, at least in part, to reduced variation 

in fruit number among families under fertilized conditions (fertilized: three-fold; unfertilized: 

five-fold; significant family effect observed only under unfertilized conditions; Abdala-Roberts 

& Mooney 2013) which limited seed predator selective impacts on this trait. Fertilization also 
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weakened the strength of selection under the tri-trophic scenario (ANCOVA: F1,24 = 7.40, P = 

0.01), presumably as a consequence of weakened selection by the seed predator.  

 

DISCUSSION 

Despite the large body of literature showing that carnivores indirectly influence plant 

biomass (Shurin et al., 2002; Mooney et al., 2010a; Mooney et al., 2010b) and fitness (Romero 

& Koricheva, 2011), our study is among the few to test and find evidence for indirect 

evolutionary consequences of carnivores on species at lower trophic levels (Hare, 2002; Walsh & 

Reznick, 2008; see studies in Walsh, 2013; Estes et al., 2013). Specifically, we present the novel 

result that carnivore effects lead to diffuse selection by dampening herbivore selection for 

increased fruit number. In addition, conditions of high soil fertility dampened direct and indirect 

selection on fruit number by the seed predator and parasitoids, respectively. Although the 

selective effects of parasitoids and soil fertility on seed predator selection were relatively weak 

(compared to the selective effect of the seed predator on fruit number), these findings 

nonetheless underscore the relatively untested presumption that the evolutionary outcomes of 

species pairwise interactions are contingent upon the resource environment and multi-trophic 

consumptive dynamics (Steinberg et al., 1995; Johnson & Stinchcombe, 2007; Kolb & Ehrlén, 

2010; Walsh, 2013).  

Functional responses and the outcome of tri-trophic selection on fruit number 

We found that the seed predator’s negative density-dependent response, where the 

proportion of attacked fruits decreases with increasing fruit number (Fig. 2.A, inset) (Abdala-

Roberts & Mooney, 2013 [Chapter 1]), resulted in selection for increased R. nudiflora 

cleistogamous fruit number. In other words, because the rate of seed predator attack declined 
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with fruit abundance, a greater proportion of fruits escaped attack for plant families with high 

fruit output relative those with low fruit output, and seed predators thus further increased positive 

selection on fruit number (see Leimu et al., 2002; Jones & Comita, 2010). In a parallel, but 

opposing fashion, other studies such as that by Miller et al. (2008) have shown that positive 

density-dependent attack by herbivores selectively favors smaller fruit output (see studies in 

Elzinga et al., 2007). Although consumer functional responses have traditionally received a great 

deal of attention in population ecology (Holling, 1959; Abrams, 1982), their evolutionary 

significance has received far less empirical attention (for theoretical work see Abrams, 2000). 

Our study thus provides empirical support for the linkage between consumer functional 

responses and the evolutionary consequences of consumptive interactions.  

Parasitoids in turn weakened seed predator selection (i.e., the bi-trophic selection 

gradient) on fruit number, but this effect was relatively weak and not strong enough to eliminate 

seed predator selection. Importantly, we note that although parasitism rates were density-

independent (Fig. 2.1B, inset; i.e., the proportion of parasitized herbivores remained constant 

with increasing herbivore abundance), the indirect benefit of parasitoids on plant fitness varied 

among families because of the herbivore’s non-linear recruitment response. Specifically, we 

observed that for plant families with small fruit output, herbivore attack rate was high and thus 

the benefit of parasitism was large in terms of a proportional increase in plant fitness from seed 

rescue. In contrast, for plant families with high fruit output, herbivore attack rate was low and 

thus the proportional fitness gain from parasitism was comparatively smaller. So, although 

parasitoid attack rate was constant across plant families (Fig. 2.1B), they nevertheless altered 

selection by the seed predator due to density-dependence of the plant-seed predator interaction 

(Fig. 2.1A).  
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Our findings have important implications for understanding the evolutionary outcomes of 

multi-trophic interactions, as well as predicting the occurrence and strength of diffuse selection. 

Over the last decade, changes in the function of pairwise species interactions through interaction 

modifications (sensu Wooton, 1994) have been recognized as an important source of diffuse 

selection (Miller & Travis, 1996; Inouye & Stinchcombe, 2001; Mooney & Singer, 2012). 

However, as shown here for tri-trophic dynamics, interaction strength may also change if species 

show non-linear recruitment functions (Mooney & Singer, 2012; Singer et al., 2012). In this 

case, carnivores need not to change the shape of plant-herbivore interactions (i.e., no interaction 

modification) but can still change herbivore selection when herbivore recruitment is non-linear. 

We suggest that such patterns of diffuse selection may be common in tri-trophic systems, due to 

the prevalence of herbivore and predator non-linear functional responses (e.g., Mooney & 

Singer, 2012). More generally, the dynamics outlined here may occur in any indirect interaction 

where one or both of the component interactions is based upon a non-linear functional response, 

including (but not limited to) apparent competition (Holt & Lawton, 1994), plant-mediated 

interactions among herbivores (Ohgushi et al., 2007), and herbivore-mediated interactions 

among plants (Hambäck & Beckerman, 2003). Accordingly, making an explicit distinction 

between functional response-based processes and other mechanisms leading to diffuse selection 

is fundamental in determining how and when species interactions lead to evolutionary change 

(Inouye & Stinchcombe, 2001). 

In finding that parasitoids dampened selection by the seed predator on R. nudiflora CL 

fruit number, this work provides novel evidence that carnivores can influence herbivore selection 

on plant traits (see Steinberg et al., 1995). Whereas previous studies have shown selection on 

plant traits that facilitate carnivore recruitment (e.g., ant selection on extrafloral nectaries; 
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Rudgers, 2004; Rutter & Rausher, 2004; see Hare, 2002 for other examples), our study shows 

that carnivores can also indirectly shape plant trait evolution by altering selection imposed by 

herbivores. These findings suggest a currently untested, but perhaps more widespread 

mechanistic pathway through which carnivores influence plant evolution (Marquis & Whelan, 

1996; Hare, 2002; Estes et al., 2013). We argue that assessing the relative importance and 

prevalence of different mechanisms by which carnivores influence the evolution of plant traits 

will be an important step towards building a comprehensive theory on tri-trophic evolutionary 

dynamics.   

Soil fertility influences the evolutionary outcomes of tri-trophic interactions 

We found that the selective impacts of seed predator and parasitoid attack were 

contingent upon soil resources. Specifically, fertilization weakened direct selection imposed by 

the seed predator and indirect selection imposed by parasitoids on fruit number, possibly because 

of a reduction in phenotypic variation for fruit number among plant families. Accordingly, 

whereas previous research shows that plant-herbivore evolution is contingent upon abiotic 

conditions (Kolb & Ehrlén, 2010; Salgado-Luarte & Gianoli, 2012), here we move forward and 

show how both direct and indirect selection in a tri-trophic system are shaped by the resource 

environment. It is important to note, however, that the dampening effect of soil fertility was 

relatively weak and our evaluation of the selective effects of soil resource environment was 

based upon only two levels of soil fertility. Further work that evaluates patterns of selection 

across multiple levels of soil fertility is needed in order to better assess the role of soil resources 

in shaping the evolutionary outcomes of multi-trophic interactions associated with R. nudiflora. 
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Relevance of findings for plant lifetime fitness 

We measured plant fitness based on cleistogamous seed output for young (first year) 

individuals primarily because plants exhibited very low investment in chasmogamous 

reproduction during the study season (Abdala-Roberts & Mooney, 2013). This is a typical 

pattern observed for cleistogamous species such as R. nudiflora which invest mostly in 

cleistogamous reproduction during early life stages (Culley & Klooster, 2007). Nonetheless, 

because we measured patterns of selection during a single growing season it is not possible to 

predict effects on lifetime fitness, in part because selection on fruit output during one year may 

trade-off with reproduction in subsequent years. Despite this limitation, however, for short-lived 

perennials such as R. nudiflora, selection acting upon young plants will likely have important 

consequences for lifetime fitness. 

Conclusions 

Because carnivores altered herbivore selection on plants, this study emphasizes the need 

for accounting for tri-trophic interactions to understand plant evolution (Marquis & Whelan, 

1996; Gassman & Hare, 2005; Mooney et al., 2010a; Mooney et al., 2012). Our results also 

suggest that explicitly assessing the shape of functional responses could complement current 

frameworks used to predict the evolutionary outcomes of direct and indirect selection from 

multi-species interactions (e.g., Miller & Travis, 1996; Inouye & Stinchcombe, 2001; Strauss et 

al., 2005). Specifically, we show for tri-trophic systems that carnivores do not have to change the 

strength of herbivore impacts on plants for diffuse selection to occur if herbivore recruitment is 

non-linear. Concurrently, the observed influence of soil fertility on patterns of direct and indirect 

selection by the herbivore and parasitoids also calls for future studies controlling for, and 

measuring the effects of the environment on tri-trophic evolutionary dynamics. As a whole, 
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results from this study provide novel insight into the effects of carnivore top-down and resource 

bottom-up factors influencing the evolutionary outcomes of consumptive interactions. 
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Table 2.1. Measurements of directional selection on Ruellia nudiflora cleistogamous fruit number 

under two soil fertility treatments (NF = not fertilized, F = fertilized), and based upon different 

trophic scenarios (trophic): mono-trophic: selection on plant traits assuming no seed predator or 

parasitoid effects on seed output; bi-trophic: selection accounting for seed predation but not seed 

rescue by parasitoids; tri-trophic: selection accounting for both seed predator and parasitoid 

effects. Both unstandardized () and standardized () selection gradients and standard errors 

(S.E.) are reported. Model R
2
 and P-values are also presented 

 

 

Soil Trophic  (S.E.) (S.E.) R
2
 P 

NF Mono 0.015 (0.0008) 0.65 (0.03) 0.96 <0.0001 

 Bi 0.028 (0.002) 1.21 (0.08) 0.94 <0.0001 

 Tri 0.022 (0.001) 0.95 (0.04) 0.94 <0.0001 

F Mono 0.014 (0.0008) 0.60 (0.03) 0.95 <0.0001 

 Bi 0.020 (0.002) 0.86 (0.08) 0.89 <0.0001 

 Tri 0.019 (0.001) 0.82 (0.04) 0.94 <0.0001 
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Table 2.2. Results from ANCOVA models based upon the entire data set testing for changes in 

the strength of directional selection of Ruellia nudiflora cleistogamous fruit number across 

trophic scenarios (“mono-trophic”, “bi-trophic”, and “tri-trophic”) and levels of soil fertility 

(fertilized and unfertilized). 

 

Source DF F P 

Fruit number 1,59 582.04 <0.0001 

Trophic scenario (T) 2,59 27.52 <0.0001 

Fertility treatment (F) 1,59 0.23 0.68 

T  fruit number 2,59 35.29 <0.0001 

F  fruit number 1,59 4.92 0.03 

T  F 2,59 0.87 0.42 

T  F  fruit number 2,59 4.26 0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Bivariate plots using plant family means to describe the functional responses 

exhibited by a noctuid seed predator and its parasitoids associated to the perennial herb 

Ruellia nudiflora (modified from Abdala-Roberts & Mooney 2013, i.e., Chapter 1). Panel 

“A” shows the relationship between cleistogamous fruit number and seed predator number 

(i.e., the number of fruits with a seed predator), while panel “B” shows the relationship 

between seed predator and parasitoid number (i.e., the number of attacked fruits with a 

parasitoid). Insets indicate the proportion of fruits attacked by the seed predator as a 

function of fruit number (panel “A”), as well as the proportion of seed predator larvae that 

were parasitized (i.e., proportion of attacked fruits with a parasitoid) as a function of seed 

predator number (panel “B”). 
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Figure 2.2 Directional selection gradients on cleistogamous fruit number of Ruellia nudiflora under three trophic scenarios: in the 

absence of seed predator and parasitoid effects (“mono-trophic”), accounting for seed predator effects but not parasitoid seed rescue 

(“bi-trophic”), and accounting for both seed predator and parasitoid effects (“tri-trophic”, i.e., observed fitness). Panels “A” and “B” 

show selection on fruit number under unfertilized (NF) and fertilized (F) soil conditions, respectively. For the legend in each panel, 

different letters indicate significant differences (P < 0.05) among trophic selection gradients within each level of fertilization. In 

addition, on the lower right corner of panel “A”, the “NF vs. F” table indicates whether a selection gradient for a given trophic 

scenario was stronger, weaker, or remained unchanged when moving from the unfertilized (NF, panel “A”) to the fertilized (F, panel 

“B”) soil environment.   

 
a. Not fertilized (NF)  b. Fertilized (F) 
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CHAPTER 3: Ecological and evolutionary consequences of plant genotype diversity in a tri-

trophic system 

 

INTRODUCTION 

As a result of more than two decades of research, there is now widespread support for the 

effects of plant diversity on ecosystem processes and community structure at higher trophic 

levels (Johnson et al., 1996; Cardinale et al., 2004; Hooper et al., 2005; Cardinale et al., 2011). 

Studies have found that higher plant species diversity promotes greater primary productivity 

(Johnson et al., 1996; Tilman et al., 1996), enhances stability in ecosystem processes (Naeem et 

al., 1994; Cottingham et al., 2001; Tilman et al., 2006), and influences arthropod community 

structure (Siemann, 1998; Haddad et al., 2009; Scherber et al., 2010). More recently, the role of 

intra-specific plant diversity, frequently measured as plant genotype richness, has emerged as a 

parallel and equally important component of plant diversity (Hughes et al., 2008; Bailey et al., 

2009; Bolnick et al., 2011), with work showing that this source of plant diversity can have 

effects of similar magnitude or even greater than species diversity effects (Crawford & Rudgers, 

2013). 

Both plant inter- and intra-specific diversity effects are assumed to operate through some 

combination of complementarity (i.e., facilitation, niche partitioning; Loreau & Hector, 2001; 

Tilman et al., 2002) and sampling effects (i.e., chance of including highly performing species or 

genotypes is greater at high diversity; Houston, 1997; Tilman et al., 2002). Whether through 

complementarity or sampling effects, the influence of diversity on plant growth (and potentially 

also quality; McArt & Thaler, 2013) is in turn expected to cascade up and influence higher 

trophic levels. Accordingly, there is widespread evidence for positive effects of plant intra- and 
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inter-specific diversity on producer biomass influencing arthropod abundance and community 

structure (Siemann, 1998; Crutsinger et al., 2006; Cook-Patton et al., 2011; McArt et al., 2012). 

Despite increasing recognition for the influence of plant diversity on higher trophic 

levels, very few studies have addressed the mechanisms for such effects (Raffaelli et al., 2002; 

Moreira et al., 2012; Moreira & Mooney, 2013). Studies that have looked at the effects of plant 

diversity on consumers have usually documented broad changes in community structure 

(Siemann, 1998; Crutsinger et al., 2006; Johnson et al., 2006; Crutsinger et al., 2008; Haddad et 

al., 2009; Scherber et al., 2010), while comparatively less attention has been given to changes in 

focal interactions (but see Ninkovic et al., 2011; Moreira & Mooney, 2013; McArt & Thaler, 

2013). As a result, we currently lack a predictive understanding of how plant diversity effects on 

species interactions scale-up to influence community structure (Johnson, 2008), as well as the 

relative importance of different mechanisms by which plant diversity influences consumers 

(Mooney & Singer, 2012). 

One approach for assessing the mechanisms by which plant diversity influences 

interactions at higher trophic levels is determining if such effects are density- or trait-mediated 

(Mooney & Singer, 2012). In the first case, plant diversity may drive an increase in plant 

biomass, which in turn causes greater herbivore abundance, and potentially also greater predator 

abundance (i.e., an “interaction chain” sensu Wootton, 1994). Here, the function describing 

pairwise (e.g., herbivore-carnivore) interactions – which can be linear or non-linear – remains 

unchanged (Mooney & Agrawal, 2008; Mooney & Singer, 2012; Singer et al., 2012). There is 

good evidence for this mechanistic pathway from studies showing a positive association of 

increased plant biomass at high diversity results with parallel increases in the abundance of 

herbivorous and predatory arthropods (Crustinger et al., 2006; Haddad et al., 2009; Cook-Patton 
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et al., 2011; Genung et al., 2011; McArt et al., 2012). Accordingly, density-mediated effects are 

assumed to be a widespread mechanism by which plant diversity influences associated 

communities (Cook-Patton et al. 2011). 

 Alternatively, plant diversity may alter the function describing pairwise species 

interactions through interaction modifications (sensu Wootton, 1994). Here, plant diversity may 

influence the strength or function of interactions through effects on the traits or behaviors of one 

or both interacting species via increased resource heterogeneity (e.g., Moreira et al., 2012, 

Moreira & Mooney, 2013). One of the few examples testing for this mechanism is a study by 

Moreira et al. (2012) showing that recruitment of predatory ants occurred at a greater rate in 

patches with high plant diversity, resulting in stronger positive indirect effects of ants on plant 

growth (i.e., a feedback between bottom-up effects of producer diversity and top-down effects of 

carnivores). Unfortunately, plant diversity research has lacked an explicit consideration of 

interaction modifications or separated them from density-mediated effects (Moreira & Mooney, 

2013).  

Separating density-mediated effects from interaction modification effects is important 

because it enables one to assess the ecological and evolutionary consequences of plant bottom-up 

effects on species interactions (Abrams, 1995; Strauss et al., 2005; Mooney & Singer, 2012). In 

particular, changes in the strength of species effects through interaction modifications are 

recognized as a primary source of evolutionary change due to alteration of selection on species 

traits (Miller & Travis, 1996; Inouye & Stinchcombe, 2001; Mooney & Singer, 2012). Moreover, 

the few studies available (e.g., Moreira et al., 2012) suggest that feedbacks between plant 

diversity and consumer effects may have important, but currently unexplored, evolutionary 

consequences. Accordingly, addressing interaction modifications (as opposed to density-
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mediated effects) will enable us to assess the evolutionary consequences of plant diversity effects 

via altered trophic interactions as well as eco-evolutionary feedbacks (Agrawal et al., 2006; 

Parker et al., 2010; Genung et al., 2011; Utsumi et al., 2011). 

Ruellia nudiflora is a short-lived perennial herb found throughout southern Mexico. Its 

fruits are attacked by larvae of a seed-eating moth, which in turn is parasitized by several species 

of wasps that reduce herbivore seed consumption (Abdala-Roberts et al., 2010). The seed 

predator forages in a negative density-dependent manner, where the proportion of attacked fruits 

per plant decreases with increasing fruit output (Abdala-Roberts & Mooney, 2013). A previous 

experiment with this system showed that the seed predator selects for greater fruit number, while 

parasitoids in turn weaken this selective effect (Abdala-Roberts et al., 2014a, i.e., Chapter 2). 

Here we report on an experiment designed to test for the bottom-up effects of plant genotype 

diversity on these trophic interactions, and how such effects in turn alter seed predator and 

parasitoid top-down selective impacts on the plant. We eliminated plant-plant interactions (above 

and below ground) in order to specifically address the bottom-up effects of resource diversity 

arising through altered consumer foraging behaviors (Agrawal et al., 2006), while controlling for 

the effects of diversity on plant quality or quantity that have been identified in other systems 

(e.g., Crutsinger et al., 2006; Haddad et al., 2009; Cook-Patton et al., 2011; McArt & Thaler, 

2013). In addition, plant genotypes used in this study originated from the same source 

population, allowing for a realistic assessment of the selective impacts of altered species 

interactions based upon natural levels of intra-population genetic variation exhibited by R. 

nudiflora (Tack et al., 2012). 

With this system we first asked: (i) whether plant genotype diversity (hereafter plant 

“diversity”) influenced consumer abundance and modified the function of plant-seed predator 
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and seed predator-parasitoid interactions, while controlling for density-mediated effects from 

increased plant biomass by preventing interactions among neighboring plants. And (ii), whether 

any such alteration of consumer functional responses fed back to influence selection on plant 

traits. We hypothesized that plant diversity effects on plant-seed predator interactions would in 

turn alter selection imposed by seed predators on fruit number because of changes in the 

relationship between the proportion of attacked fruits and fruit number. Moreover, we expected 

that parasitoid top-down effects would weaken the linkage between diversity and herbivore 

selection because parasitoids reduce seed predator consumption and, in so doing, dampen their 

selective effects on fruit number. This work is novel in that it addresses the mechanisms by 

which plant diversity influences resource-consumer interactions, as well as eco-evolutionary 

feedbacks stemming from such dynamics and influencing plant evolution (Agrawal et al., 2006; 

Post & Palkovacs, 2009; Genung et al., 2011). 

 

MATERIALS AND METHODS 

Natural history 

Ruellia nudiflora Engelm. and Gray Urb. (Acanthaceae) is distributed from Texas (U.S.) 

to Honduras (Long, 1977), and in Yucatán (SE México) it grows across a wide range of abiotic 

conditions (Ortegón-Campos et al., 2012). This species is self-compatible and produces 

chasmogamous (CH) flowers that have an open corolla (2.33 ± 0.04 [mean ± S.E.] cm in 

diameter; data from this study) and are visited by insect pollinators, and cleistogamous (CL) 

flowers that do not open, have reduced corollas (0.25 ± 0.01cm in diameter; data from this 

study), and self-pollinate obligately. Chasmogamous flowers may also self-pollinate 

autonomously upon corolla dehiscence when anthers come into contact with the stigma (Abdala-
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Roberts et al., 2014b). Chasmogamous flowers are found on vertical inflorescence stalks that are 

20 to 30 cm in height, while CL flowers are usually produced on lateral inflorescences at the 

base of the plant. In addition, CH flower production occurs during July and August and may 

overlap to some extent with CL flowering, although the latter spans a longer period of time 

(Munguía-Rosas et al., 2012). Fruits are dry and dehiscent and seeds disperse balistically; CH 

fruits are larger and produce more seeds (CH fruits: 13.27 ± 0.16 seeds [mean ± S.E.]; CL fruits: 

9.44 ± 0.02 seeds) (Abdala-Roberts & Mooney, 2013). On average, chasmogamous fruits weigh 

28.74 ± 0.45 mg, and CL fruits weigh 16.61 ± 0.22 mg (Munguía-Rosas et al., 2013). 

Reproduction of young (i.e., first year) plants is skewed towards CL reproduction (75-85% of 

fruits produced by first year plants are CL; Abdala-Roberts & Mooney, 2013; data from this 

study), whereas older plants invest proportionally the same in each reproductive function 

(Munguía-Rosas et al., 2012). Genetic variation for CL fruit number is large (> three-fold; 

Abdala-Roberts & Mooney, 2013), suggesting that trade-offs (e.g., current vs. future 

reproduction) maintain variation in reproductive output in this species. 

Both CH and CL fruits are attacked by larvae of a single, as-yet unidentified species of 

noctuid moth (Lepidoptera: Noctuidae). Although evidence thus far suggests that only one seed 

predator species is present in this system (based on sampling from more than 20 populations; 

Abdala-Roberts et al., 2010), the possibility of having cryptic species cannot be discarded. 

Nonetheless, if cryptic species do occur they are likely equivalents ecologically because they 

cannot be distinguished morphologically and use the same resource. Female moths oviposit on 

recently pollinated flowers and, unless parasitized, a single larva grows inside a developing fruit 

and usually consumes all the seeds prior to fruit dehiscence (95 ± 1.0% of seeds consumed per 

fruit on average; Abdala-Roberts & Mooney, 2013; data from this study). Larval development 
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takes place within a single fruit (one larva per fruit), and larvae usually do not move among fruits 

(L. Abdala-Roberts, unpublished data). Previous work has shown that fruiting synchrony at the 

patch level (V. Parra-Tabla, unpublished data) and fruit output at the plant level (Abdala-Roberts 

& Mooney, 2013; data from this study) reduce the proportion of fruits attacked per plant (i.e., 

negative density-dependent attack). Accordingly, these studies have demonstrated that 

recruitment of seed predators to fruits is a non-linear relationship estimated by a quadratic 

regression model where both fruit number and fruit number
2
 are significant predictors of seed 

predator abundance (Abdala-Roberts & Mooney, 2013 [Chapter 1]; Abdala-Roberts et al., 2014a 

[Chapter 2]), and where a quadratic model explains more of the variation in seed predator 

abundance and provides a better fit (based upon R
2
 and AIC, respectively) than a linear model 

(data from this study). Seed predator larvae are in turn attacked by seven species of parasitic 

wasps belonging to Braconidae (four species), Ichneumonidae (one), and Pteromalidae (two), as 

well as one fly species belonging to Tachinidae. Parasitoids stop or reduce seed predator 

consumption, thus having an indirect positive effect on plant fitness through this so called seed 

“rescue” effect (Abdala-Roberts et al., 2010). Both seed predation and parasitism intensity (and 

thus the top-down effect of parasitoids on plant fitness) vary across plant populations (Abdala-

Roberts et al., 2010). 

Experimental design and sampling 

The first week of July 2012, we collected 10-15 CH fruits from each of 14 plants of a 

source population located 12 km south of Mérida, Yucatán (México). All seeds from a given 

plant were considered a maternal family composed of a mixture of full- and half-sibs, and were 

germinated immediately after collection. Mother plants were sampled from the same population 

in order to assess patterns of selection on plant traits based upon realistic (natural) levels of 
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genetic variation for this species (Tack et al., 2012). One month after germination (mid-August 

2012), seedlings were transplanted to plastic growing 1-L bags filled with a 1:1 mix of native 

soil and peatmoss, and remained in a nursery for a two-month period under homogeneous 

environmental conditions to reduce maternal effects. During this period, each plant was fertilized 

once with 40 ml of a solution (Ferticoral, Impulsora Agroquímica del Sureste, Mexico) 

containing N (20%), P (30%) and K (10%), at a concentration of 2 g L
-1

.  

In late September 2012, plants were transported to a site located 4.6 km east of the town 

of Molas, Yucatán (México) (20°29’10’’N, 89°59’75’’W), and 7 km southwest of the population 

source site. A total of 63, 1  1-m plots were established throughout a 600 m
2
 area where the 

vegetation was composed of small shrubs, herbs and grasses, and surrounded by a matrix of 

secondary tropical forest. Each plot contained five plants arranged in an 80 cm-diameter circle, 

with 20-25 cm spacing between plants (n = 315). This spacing resulted in a density of plants 

similar to that found within R. nudiflora populations and is thus expected to have realistic effects 

on consumers. In addition, plot size was chosen based upon previous work assessing variation in 

seed predator attack rates at the patch level and showing that this spatial scale is relevant to seed 

predator foraging patterns and recruitment to fruits (Cuautle & Parra-Tabla, 2014; see 

Bommarco & Banks, 2003; Hämback et al., 2009). Of the total number of plots established, 28 

represented monocultures where all plants belonged to the same family (two replicate plots per 

family), while 35 plots represented polycultures where each plant belonged to a different family. 

Although the genotype composition of polycultures was determined by assigning random 

combinations of five plant families (out of 14 possible) to each plot, all genotypes were 

represented approximately equally in polyculture plots (range 11-13 occurrences per genotype). 

Monoculture and polyculture plots were interspersed throughout the study site and arranged in 
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blocks of four plots each and in all but three blocks the number of plots of each level of diversity 

was the same (i.e., two plots of each level within each block). The block effect was included to 

account for environmental heterogeneity previously shown to influence species interactions 

associated to R. nudiflora (e.g., light availability; Munguía-Rosas et al., 2013). Mean distance 

among plots within each block was 2 m, while mean distance between adjacent blocks was 4 m.  

When planted in the ground, plants were left in the plastic bags they were grown in to 

prevent underground plant-plant interactions. At the time of planting, we cut the bag on one side 

to prevent root binding and oriented the bag such that the slit was facing outward, thus impeding 

root contact with adjacent plants. At the conclusion of the experiment, we excavated 20% of the 

plants (three randomly chosen plants from 20 plots) and confirmed that in all cases roots between 

adjacent plants were not in contact. The amount of spacing among plants also prevented 

aboveground interactions due to canopy contact or shading. Overall, this approach was aimed at 

controlling for above- and under-ground interactions among neighboring plants influencing 

biomass production (and potentially also plant quality to herbivores; McArt & Thaler, 2013), 

while testing exclusively for interaction modifications due to resource or habitat heterogeneity 

(e.g., plant apparency, chemical or physical interference; Andow, 1991; Plath et al., 2012; 

Castagneyrol et al., 2013). 

Twice a week, from early October 2012 to late December 2012, we collected all mature 

fruits produced per plant (CH and CL) and dissected them under a microscope to record seed 

predator and parasitoid attack, as well as seed number. For each plant, we summed the total 

number of sampled fruits (i.e., estimate of total fruit production), fruits attacked by the seed 

predator, and attacked fruits with a parasitoid (i.e., number of parasitized herbivores), in all cases 

separately for each fruit type. Subsequently, these values were summed for each plot to estimate 
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plot-level CL and CH fruit number, seed predator number, and parasitoid number. Calculations 

were based upon fruit and insect abundance data pooled across all sampling periods and, in the 

case of parasitoid abundance, we also pooled specimens across species. 

Mechanisms of diversity effects on consumer abundance and interactions 

First, we tested for an overall effect of diversity (fixed effect, two levels) on fruit, seed 

predator, and parasitoid number at the plot level using general linear models (hereafter “initial” 

models). Each model also included the effect of fruit type (fixed effect, two levels), block 

(random effect), and plot (random effect, nested within block); fruit type was included to account 

for fruit dimorphism in this species but was not used to test any underlying hypothesis, while 

plot was included to account for non-independence of the two fruit samples (one per fruit type) 

drawn from each plot. In this analysis, any diversity effects on fruit output would be exclusively 

due to sampling effects (i.e., occurrence of plant families with greater reproductive output is 

more likely at high diversity; Houston, 1997; Tilman et al., 1997) as complementarity effects via 

plant-plant interactions (i.e., niche partitioning; Loreau & Hector, 2001; Tilman et al., 2002) 

were prevented by the experimental procedure which restricted below- and above-ground 

interactions among plants. Accordingly, to test for sampling effects we used standard methods 

(Loreau & Hector, 2001) and found that such effects on fruit, seed predator, and parasitoid 

abundance were not statistically different from zero (see Results). Therefore, a positive effect of 

diversity on insect abundance would not be due to increased fruit number from either 

complementarity or sampling effects (see Results), but rather due to altered species interactions 

(e.g., differences in rates of seed predator or parasitoid recruitment; see ahead).  

To assess if plant diversity mediated plant-seed predator and seed predator-parasitoid 

interactions, we departed from the initial insect abundance models and constructed (hereafter 
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“mechanistic”) models with additional terms to describe consumer functional responses, and the 

dependency of such responses on diversity. For the seed predator model, we included fruit 

number and fruit number
2 

to test for both linear and non-linear responses (respectively) to 

resource abundance, as well as the  fruit number  diversity and fruit number
2
  diversity 

interactions. Both of these interaction terms tested for a change in the function of plant-seed 

predator interactions between levels of diversity after accounting for fruit number (i.e., an 

interaction modification). Including fruit number
2
 tests whether the relationship between fruit 

number and seed predator number is non-linear (i.e., curved) having accounted for the linear 

relationship based upon the linear term for fruit number. Likewise, the parasitoid model was 

parallel to that for seed predators, except that instead of fruit number it included both the linear 

and quadratic terms for seed predator number which is the resource to which these consumers 

respond to, as well as the seed predator number  diversity and seed predator number
2 

×diversity 

interactions. As described above, including seed predator number
2
 tests whether the relationship 

between parasitoid number and seed predator number is non-linear (i.e., curved) having 

accounted for the linear relationship based upon the linear term for seed predator number.  

Testing for the significance (or contribution) of the quadratic term (and the interaction 

including this term) in these mechanistic models could also be done through information criteria-

based model selection, comparing models with and without the quadratic term. Comparisons 

based upon AIC values did not suggest model fits where improved with the inclusion of the 

quadratic term in the instance where the P-value for the quadratic term was significant. While 

there is discrepancy between these two legitimate approaches, here we base our conclusion upon 

the significance of the P-values for the effect of the quadratic term and the interaction including 

this term, a conclusion that is also supported by the fact that two past studies from this system 
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have similarly found non-linear functional responses (Abdala-Roberts & Mooney, 2013; data 

from this study). 

Both initial and mechanistic models were performed with PROC MIXED in SAS ver. 9.2 

(SAS Institute 2008, Cary NC), under the assumption of normally distributed residuals, which 

was met in all cases (based on inspection of residuals and Shapiro-Wilk tests). We did not test 

for significance of random effects since these terms did not address any of our predictions and 

were instead use to account for spatial variation in interactions (block effect) and non-

independence of data collected from the same plot (plot effect). For both types of models, we 

present least-square means ± S.E. as descriptive statistics. 

Evolutionary consequences of plant diversity effects on interactions  

If genotype diversity altered the function of consumer interactions, such effects may in 

turn have consequences for the evolution of plant traits influencing such interactions (Agrawal et 

al., 2006). Specifically, we hypothesized that changes in the function of plant-seed predator 

interactions (i.e., change in the rate of seed predator recruitment to fruits) between monocultures 

and polycultures would lead to differences in the strength or mode of selection by the seed 

predator on fruit number. Moreover, because parasitoids have previously been found to dampen 

selection by the seed predator on fruit number (Abdala-Roberts et al., 2014a [Chapter 2]), we 

expected that this top-down effect would influence the linkage between diversity and herbivore 

selection. All selection analyses described below were performed by pooling CH and CL fruits, 

as data from this experiment showed that the function of plant-seed predator and seed predator-

parasitoid interactions did not vary between fruit types (non-significant fruit number  fruit type 

[F1,48 = 1.50, P = 0.22] and seed predator number  fruit type [F1,50 = 1.00, P = 0.32] terms, 

respectively from the seed predator and parasitoid abundance models, respectively). Data from 
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this study also showed significant (close to three-fold) variation in fruit production (CH and CL 

fruits pooled) among plant families (10.64 ± 1.85 to 29.40 ± 3.72 fruits; F13,301 = 3.07, P = 

0.003), suggesting ample genetic variation in this trait for consumers to select upon. Although 

positive selection on fruit number is expected (i.e., this trait is a component of fitness), and seed 

number per fruit is relatively conserved and varies little among plant families, the large genetic 

variation in fruit number suggests the presence of trade-offs between current and future 

reproduction which could lead to variation in selection on fecundity in R. nudiflora (Abdala-

Roberts & Mooney, 2013). 

Plant fitness under different trophic scenarios 

To disentangle the effects of seed predators, parasitoids, and plant diversity on selection 

on fruit number, we calculated plant fitness under three trophic scenarios following the 

procedures described in Abdala-Roberts et al. (2014a) (Chapter 2). Experimentally excluding 

seed predators and parasitoids to test for their individual and combined effects on plant fitness is 

not feasible in this study system; seed predators cannot be excluded without affecting pollinators, 

and parasitoids cannot be excluded without affecting seed predators and pollinators. Yet the 

nature of this system makes it is possible to measure the impacts of seed predators and 

parasitoids without experimental manipulation. First, we estimated potential seed number in the 

absence of seed predator effects (hereafter “mono-trophic” scenario) by multiplying the number 

of fruits produced per plant (i.e., based on the sum of weekly counts) by the corresponding plant 

family mean for seed number in unattacked fruits (fruit size is correlated with seed number and 

there is no detectable difference in the size of fruits attacked and not attacked by seed predators; 

Abdala-Roberts & Mooney, 2013). Second, fitness in the presence of seed predators alone 

(hereafter “bi-trophic” scenario) was estimated by assuming that all seeds rescued by parasitoids 



 

 

 

78 

were instead lost to herbivory (potential seed number – seeds consumed assuming no seed 

rescue). Results did not change qualitatively after accounting for rare cases of remaining seeds in 

fruits with unparasitized herbivores (5% of all seeds recorded), thus for simplicity we assumed 

that all seeds were consumed in all fruits attacked by the seed predator with no evidence of 

parasitism. Third, the observed number of seeds per plant represented fitness in the presence of 

both seed predators and parasitoids (hereafter “tri-trophic” scenario). In all three cases, estimates 

of seed number were based upon values specific to each fruit type, but fitness values were 

subsequently pooled across fruit types for analyses. We then computed fitness means for each 

family under each trophic scenario, separately for high and low diversity treatments and 

calculated relative fitness by dividing these values by overall mean fitness across families 

specific to each trophic scenario and level of diversity. Importantly, previous work has shown 

that seed predator and parasitoid attack vary greatly across R. nudiflora populations (5-60% and 

0-65%, respectively; N = 21 populations, Abdala-Roberts et al., 2010). Therefore, these trophic 

“treatments” represent realistic scenarios of spatial variation in the strength of tri-trophic 

interactions, including populations where both seed predation and parasitism are low (mono-

trophic scenario), others where seed predation is high but parasitism is low (bi-trophic scenario), 

as well as cases where both seed predation and parasitism are high (tri-trophic scenario) (Abdala-

Roberts et al., 2010; Cuautle & Parra-Tabla, 2014). We used plant family means in all selection 

analyses because genotypic selection analysis avoids environmentally-induced correlations 

between measured and unmeasured traits that can influence estimates of plant fitness in 

phenotypic selection analyses (Rausher, 1992; Stinchcombe et al., 2002). 

Our assumption in these fitness estimates is that there is no resource reallocation from 

damaged fruits. If this is not the case, then seed predator impacts on plant fitness may be 
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overestimated if plants reduce resource investment in damaged fruits, with this in turn increasing 

investment in undamaged fruits or subsequent fruit production. There are two possible 

mechanisms for this: First, maturation of damaged fruits might be halted via selective fruit 

abortion (e.g., Östergard et al., 2007); and second, damaged fruits might have fewer or smaller 

seeds (though previous work in other systems has shown seed predator or frugivore bias towards 

larger, more seeded fruits; e.g., Herrera, 2000). We offer three lines of evidence that suggest that 

resource reallocation effects were weak or absent in this system. First, while R. nudiflora has 

been shown to abort fruits under conditions of low light availability (Abdala-Roberts et al., 

2014b), plots were placed at full sunlight and we did not find evidence of fruit abortion 

throughout the duration of the experiment. We assessed this by marking all CH flowers produced 

by all plants throughout the first month of the experiment. Because a proportion of these fruits 

were attacked, this suggests that seed predator damage (or other factors) did not induce selective 

fruit abortion. Second, fruit size of damaged and undamaged fruits was statistically 

indistinguishable (F1,202 = 2.98, P = 0.10; Abdala-Roberts & Mooney, 2013), and this trait is 

correlated with seed number (Pearson’s r = 0.45, P < 0.001). Although it is possible that fruit 

elongation was not affected by seed predator damage but that seed production and maturation 

were reduced, this suggests that resources were not shunted from attacked fruits as this could 

have caused a reduction in fruit size. Third, for each family we related the mean number of seeds 

per undamaged fruit per plant to the proportion of attacked fruits per plant. If resources were 

diverted from damaged to undamaged fruits, then plants with a greater proportion of attacked 

fruits should have undamaged fruits with more seeds. However, for all families we found either 

no relationship (R
2 

values ranging from 0.0006 to 0.15) or a negative relationship (four families, 

R
2
 values ranging from 0.26 to 0.66). Moreover, the cases of negative relationships instead 
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suggest that negative effects of seed predators on plant fitness may extend beyond seed 

consumption if plants sustaining higher herbivore loads undercompensate in terms of seed 

production in undamaged fruits or subsequent fruit production (i.e., reduced tolerance). Although 

these findings collectively suggest that resources were not re-allocated away from damaged 

fruits, thus supporting our estimates of seed predator (and parasitoid) impacts on plant fitness, we 

cannot rule out that seed predator attack causes other (unmeasured) shifts in resource allocation 

patterns (e.g., between growth and defense). 

Selection analyses 

To quantify patterns of selection separately for each level of diversity and trophic 

scenario, we estimated directional selection on fruit number using simple linear regressions 

where relative fitness was predicted by fruit number (Lande & Arnold, 1983), separately for each 

trophic scenario within each level of diversity (i.e., six estimates). We then repeated the same set 

of regression models, including both the linear (fruit number) and quadratic (fruit number
2
) 

terms, the latter of which tests for non-linear (i.e., stabilizing or disruptive) selection. Following 

the convention for regression-based selection analyses, directional selection was first estimated 

using the simple linear model, and non-linear selection was subsequently estimated based upon a 

model with both the linear and quadratic terms (Fairbairn & Preziosi, 1994; for examples see 

Juenger & Bergelson, 1998; Pilson, 2000). Although the linear term was included in both the 

linear and quadratic models, directional selection was estimated using only the linear model 

because this is considered to provide a better estimate of directional selection than the linear term 

from a quadratic model (Scheiner et al., 2000). For each regression model, we calculated 

standardized selection gradients ( and ) by multiplying original slope values by the 
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population standard deviation for fruit number (Lande & Arnold, 1983; Stinchcombe, 2005), and 

provide standard errors in each case. 

To test for changes in selection (both linear and non-linear) associated with diversity and 

trophic scenarios, we used ANCOVA to compare selection gradients among treatments (Juenger 

& Bergelson, 1998; Strauss et al., 2005).  First, we performed an ANCOVA across both levels of 

diversity and all trophic scenarios (i.e., the entire data set). We modelled relative fitness as 

dependent upon fruit number, trophic scenario, diversity treatment, all two-way interactions, and 

the three-way interaction. The three-way interaction was removed from this model because it 

was not significant, and the two-way trophic scenario × diversity interaction was removed 

because it did not test a hypothesis of interest. Second, following the same procedures described 

in the previous paragraph for the six separate regression analysis, we added to this ANCOVA 

model the fruit number
2
 term and its interactions with diversity and trophic scenario to test for 

changes in non-linear selection due to these two factors, again excluding the three-way 

interaction and the two-way trophic scenario × diversity interaction. For the goals of this study, 

we were specifically interested in fruit number (or fruit number
2
) × trophic scenario and fruit 

number (or fruit number
2
) × diversity interactions. Significant two-way interactions with the 

linear term (fruit number) indicate a change in strength of directional selection between trophic 

scenarios or levels of diversity.  Significant two-way interactions with the quadratic term (fruit 

number
2
) indicate a difference in the curvature of the fitness function (i.e., change in mode of 

selection; Conner & Hartl, 2004) between trophic scenarios or levels of diversity. 

Contrary to previous findings (Abdala-Roberts et al., 2014a [Chapter 2]), results from 

these two ANCOVA models showed non-significant fruit number × trophic scenario and fruit 

number
2
 × trophic scenario interactions, indicating that seed predators and parasitoids did not 
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alter the strength or mode of selection on this trait (see Results; Appendix A). However, we 

found significant fruit number × diversity and fruit number
2
 × diversity interactions, revealing 

that the strength of directional selection as well as the pattern of selection was contingent upon 

diversity (see Results; Appendix A). These diversity effects on selection could only occur 

through altered consumer functional responses because our design eliminated plant-plant 

interactions and thus effects through resource quantity and quality. In addition, our ecological 

analyses of diversity effects on consumer functional responses showed effects of diversity on 

seed predators (response to fruits) but not parasitoids (response to seed predators) (see Results), 

based on which we predicted that the effects of diversity on patterns of selection should vary 

across trophic levels. Accordingly, given that diversity modified the function of plant-seed 

predator (but not seed predator-parasitoid) interactions, we predicted that diversity would change 

the strength and/or mode of selection on fruit number under the bi-trophic model but not the tri-

trophic model. To evaluate this we tested for an effect of diversity on selection separately within 

each trophic scenario. Each of these three analyses (one per trophic scenario) was based upon 

ANCOVA models comparing selection gradients between levels of diversity (separately within 

each trophic level scenario). First, ANCOVA was used to model relative fitness as dependent 

upon fruit number, diversity, and the fruit number  diversity interaction to test for changes in 

linear selection due to diversity. Second, and following the same logic used for the previous 

selection analyses, we added to these models the fruit number
2
 term and its interactions with 

diversity to test for changes in non-linear selection due to diversity. We then qualitatively 

compared the results of these analyses among the three trophic scenarios.  

For the sake of simplicity, we only report results for the interaction terms (and not for 

main effects) of the ANCOVA models testing for changes in selection between levels of 
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diversity, within each trophic scenario. ANCOVA models based on the entire data set included 

the effect of plant family, treated as random, to control for using the same plants within each 

family to compute fitness values for each trophic scenario within each level of diversity. In all 

cases, data were normally distributed and this was verified with Shapiro-Wilk tests. All 

ANCOVA models were performed with PROC MIXED, while regression models were 

performed in PROC REG (SAS ver. 9.2).  

 

RESULTS 

Diversity effects on fruit and insect abundance: initial models 

Fruit number 

A total of 6607 fruits (CL = 5049, CH = 1559) were recorded throughout the experiment. 

We found no effect of diversity on fruit number (monoculture = 51.14 ± 6.05 fruits; polyculture 

= 58.70 ± 5.34 [raw mean ± S. E.]) (Table 3.1); accordingly, the genotype sampling effect on 

fruit number was not statistically different from zero (-0.29, CI = 2.43). We did find an effect of 

fruit type, where CL fruits (86.03 ± 5.26 fruits) were 3.5-fold more abundant than CH fruits 

(24.74 ± 2.58) across plots (Table 3.1).  

Seed predator number 

A total of 3125 seed predator specimens were recorded, which resulted in 47.3 ± 2.5% 

(plot mean and S.E.) of the sampled fruits being attacked by the seed predator. Results from the 

general linear model indicated no effect of diversity on seed predator abundance (monoculture = 

25.31 ± 2.56 seed predators; polyculture = 26.79 ± 2.53) (Table 3.1). The sampling effect on 

seed predator abundance was not statistically different from zero (-0.12, CI = 0.97). 
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Parasitoid number 

A total of 2178 parasitoid specimens were recorded, resulting in 76.9 ± 2.2% (plot mean 

and S.E.) of the seed predator larvae being parasitized. Of the total number of parasitoid 

specimens recorded, 91% (1974) were Bracon sp., followed by Pteromalidae (3%, 65). The 

remaining 6% (139) were not identified because the parasitoid had exited the fruit prior to fruit 

collection. Across both parasitoid taxa, we found no effect of diversity on parasitoid abundance 

(monoculture = 19.01 ± 1.95 parasitoids; polyculture = 20.11 ± 1.89) (Table 3.1). The sampling 

effect on parasitoid abundance was not statistically different from zero (-0.46, CI = 0.91). 

Mechanisms of diversity effects on consumer abundance and interactions 

Seed predator abundance 

We found no effect of diversity on seed predator abundance. However, we found a 

significant fruit number
2 
 diversity interaction (Table 3.2), indicating that the non-linear 

function of fruit-seed predator interactions differed between monocultures and polycultures. 

Consistent with previous work in this system (Abdala-Roberts & Mooney, 2013, i.e., Chapter 1), 

we found a saturating (negative) density-dependent recruitment response of the seed predator to 

fruit abundance in both monocultures (seed predators = – 0.006*fruit number
2
 + 0.95*fruit 

number – 5.33; R
2
 = 0.80, P < 0.0001) and polycultures (seed predators = – 0.002*fruit number

2
 

+ 0.51*fruit number + 3.98; R
2
 = 0.80, P < 0.0001) (Fig. 3.1A). However, relative to 

monocultures, seed predator recruitment in polycultures saturated weakly with fewer seed 

predators per fruit at intermediate fruit abundance and more seed predators per fruit at high fruit 

abundance (Fig. 3.1A). When expressed in fractional terms, the proportion of attacked fruits in 

monocultures decreased linearly with increasing fruit number (proportion of attacked fruits = – 

0.0037*fruit number + 0.71; R
2 

= 0.44, P = 0.0001), whereas in polycultures the relationship was 
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non-linear (proportion of attacked fruits = – 0.00007*fruit number
2
 – 0.013*fruit number + 0.98; 

R
2 

= 0.70, P < 0.0001) because the proportion of attacked fruits decreased more slowly at 

intermediate fruit numbers and showed no further decrease at high fruit numbers (Fig. 3.1A, 

inset). This pattern led to a lower proportion of attacked fruits at intermediate fruit numbers in 

polycultures relative to monocultures (Fig. 3.1A, inset). 

Parasitoid abundance 

After accounting for seed predator number, we found no effect of diversity on parasitoid 

abundance. Parasitoids exhibited a linear response to seed predator abundance and this was given 

by a significant linear term and a non-significant quadratic term for seed predator number (Table 

3.2). We found that seed predator-parasitoid interactions were not altered by diversity, as this 

linear relationship was similar in both monocultures (parasitoid number = 0.83*seed predator 

number – 2.23; R
2
 = 0.90, P < 0.0001) and polycultures (parasitoid number = 0.85*seed predator 

number – 2.76; R
2
 = 0.93, P < 0.0001), and remained unchanged across levels of diversity (i.e., 

non-significant seed predator number  diversity term; overall relationship: parasitoid number = 

0.84*seed predator number – 2.48; R
2
 = 0.91, P < 0.0001; Table 3.2; Fig. 3.1B); likewise, the 

seed predator number
2
  diversity interaction was also non-significant (Table 3.2). In addition, 

the overall relationship between the proportion of parasitized seed predators and seed predator 

abundance was linear and significantly (albeit weak) positive (proportion of parasitized seed 

predators = 0.004*seed predator number + 0.63; R
2 

= 0.07, P = 0.04), suggesting positive 

density-dependent attack by parasitoids (Fig. 3.1B, inset). Although this fractional response 

contradicts the previous finding of linear (i.e., constant) recruitment of parasitoids to seed 

predators, this pattern was nonetheless weak (low R
2
) based on which we conclude that overall 

(across both levels of diversity) parasitoid attack is weakly density-dependent. 
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Evolutionary consequences of plant genotype diversity 

Simple regression models performed under each trophic scenario and within each level of 

diversity showed significant positive directional selection on fruit number for all three trophic 

scenarios under both high and low diversity (Table 3.3). However, non-linear regression models 

showed that the quadratic term was significant (negative) only for polycultures under the bi-

trophic scenario (t = 2.62, P = 0.02), suggesting stabilizing selection on fruit number (Table 3.3). 

The quadratic term was not significant in all the other models (t ≤ 1.19, P ≥ 0.25) (Table 3.3).  

Our ANCOVA test for changes in selection (both linear and non-linear) associated with 

diversity and trophic scenario showed non-significant fruit number × trophic scenario or fruit 

number
2
 × trophic scenario interactions, indicating that seed predators and parasitoids did not 

alter the strength or mode of selection on this trait (Appendix A). However, we found significant 

fruit number × diversity and fruit number
2
 × diversity interactions, revealing that patterns of 

selection were contingent upon diversity (Appendix A). Subsequent ANCOVA models 

conducted within each trophic scenario showed that diversity did not change the strength of 

directional selection (diversity  fruit number term: F1,24 = 1.30, P = 0.26) or mode of selection 

(diversity  fruit number
2
: F1,24 = 1.07, P = 0.31) under the mono-trophic scenario (Fig. 3.2A). 

In contrast, under the bi-trophic scenario we found a tendency for weaker directional selection at 

high relative to low diversity (diversity  fruit number: F1,22 = 2.83, P = 0.10), as well as a 

significant change from directional selection at low diversity to non-linear selection at high 

diversity (diversity  fruit number
2
: F1,22 = 5.36, P = 0.03) (Fig. 3.2B). Because selection 

changed between levels of diversity under the bi-trophic scenario (and not under the mono-

trophic scenario), this suggests that seed predators are responsible for the diversity-mediated 

change in selection. More specifically, this shows that the change in the seed predator’s 
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functional response at high diversity (Fig. 3.1A) altered the pattern of selection on fruit number. 

Interestingly, under the tri-trophic scenario we again found no evidence of a change in the 

strength of directional selection (diversity  fruit number: F1,24 = 1.71, P = 0.20) or mode of 

selection (diversity  fruit number
2
: F1,24 = 0.85, P = 0.36) (Fig. 3.2C), suggesting that 

parasitoids eliminated the linkage between plant diversity and seed predator selection. 

 

DISCUSSION 

 Our study shows that plant intra-specific diversity mediated the function of plant-seed 

predator, but not seed predator-parasitoid interactions. Such diversity effect on plant-seed 

predator interactions in turn fed back to change natural selection on fruit number, with seed 

predators imposing non-linear selection at high diversity, but only in the absence of top-down 

effects by parasitoids. This latter finding indicates that parasitoids eliminated the effect of 

diversity on seed predator selection. Importantly, such effects were not driven by differences in 

resource quantity (i.e., fruit production) or quality between monocultures and polycultures; 

below and above ground interactions among plants were prevented, and there were no detectable 

genotype sampling effects. Accordingly, the observed effects of diversity occurred through 

resource heterogeneity effects on consumer foraging behaviors. In addition, these findings come 

within the context of genetic variation in a single source population, making our evaluation of 

diversity effects and evolutionary dynamics realistic with respect to natural processes (Tack et 

al., 2012). Overall, these findings provide novel evidence for the mechanistic basis of feedbacks 

between plant diversity and herbivore selection, as well as the role of carnivores in mediating 

such effects.  
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Plant diversity causes interaction modifications 

Although evidence is mounting for the effects of plant intra- and inter-specific diversity 

on higher trophic levels (Bailey et al., 2009; Haddad et al., 2009; Scherber et al., 2010), most 

studies have not tested whether such effects operate via density-mediated or interaction 

modification effects (but see Moreira et al., 2012; Moreira & Mooney, 2013). A few studies have 

reported density-mediated effects where increased producer biomass at high diversity 

(presumably via resource niche partitioning or facilitation) results in greater herbivore and 

predator abundance and diversity (Koricheva et al., 2000; Crutsinger et al., 2006; Johnson et al., 

2006; Genung et al., 2010; Cook-Patton et al., 2011; McArt et al., 2012; but see Crawford & 

Rudgers, 2013). However, most research has failed to explicitly address the mechanisms by 

which plant diversity influences consumer interactions (for exceptions see Utsumi et al., 2011; 

Moreira et al., 2012; Moreira & Mooney, 2013; McArt & Thaler, 2013).  

We found that plant intra-specific diversity altered the function of fruit-seed predator 

interactions (Fig. 3.1A), and this mechanism operated in the absence of density-mediated effects 

via increased plant biomass (i.e., diversity had no effect on fruit number) (e.g., see Crawford & 

Rudgers, 2013). It is unsurprising that diversity had no influence on fruit production, as we 

prevented both below and above ground plant interactions, which frequently lead to increased 

plant biomass via sampling and complementarity effects. Such effects might have otherwise 

caused greater resource and consumer abundance (i.e., density-mediated effects; Crutsinger et 

al., 2006; Cook-Patton et al., 2011; McArt et al., 2012). Our experimental approach thus isolated 

the effects of resource heterogeneity on consumer foraging behavior and shows that plant 

diversity effects on higher trophic levels can operate through interaction modifications. We 

recognize, however, that density-mediated effects of diversity are widespread and can have large 
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effects on consumers. Ultimately, plant diversity effects likely operate through some 

combination of density-mediated and trait-mediated resource heterogeneity effects, and future 

experiments should formally compare the strength of these two mechanisms. 

Previous work by Moreira et al. (2012) and Moreira and Mooney (2013) tested for plant 

diversity-mediated interaction modifications, but only the former found evidence for altered 

interactions (between aphids and their tending ants) (see also Haddad et al., 2009). In our study, 

we found that seed predator recruitment to fruits resembled a Type II functional response (sensu 

Holling, 1959) at both high and low diversity. However, the shape of this Type II response 

depended on plant diversity; relative to monoculture, the rate of herbivore recruitment in 

polyculture was lower at intermediate fruit abundance and greater at high fruit abundance (Fig. 

3.1A). Such pattern (i.e., initially low and subsequently higher recruitment) resulted in no overall 

change in herbivore abundance between levels of diversity. This finding illustrates the 

importance of using functional responses to describe changes in the strength of species 

interactions, and thus for understanding and predicting the consequences of interaction 

modifications caused by habitat or resource heterogeneity (Alexander et al., 2013). One 

mechanism that could explain the observed effect of diversity on seed predator functional 

responses is the influence of within-patch trait heterogeneity on herbivore foraging behavior and 

host detection mechanisms (Bommarco & Banks, 2003; Agrawal et al., 2006; Hämback et al., 

2009). Although speculative, it is possible that greater variability in flower volatiles, 

inflorescence height, or plant architecture at high diversity played an important role in altering 

moth search and oviposition patterns (Cuautle & Parra-Tabla, 2014; see also Langelloto & 

Denno, 2004; Ninkovic et al., 2011). 
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Contrary to plant-seed predator interactions, diversity did not influence seed predator-

parasitoid interactions, which suggests that plant traits mediating diversity effects on seed 

predators do not have parallel effects on parasitoids. In addition, this result is perhaps surprising 

given mounting evidence for the use of plant cues by predators and parasitoids in foraging for 

herbivores (Heil, 2008), and heterogeneity in such cues mediating plant diversity effects on 

predator behavior (Ninkovich et al., 2011). In accordance with our findings, however, previous 

work has shown that plant genetic effects are stronger on herbivores than on carnivores (e.g., 

Johnson & Agrawal, 2005; Bailey et al., 2009; Schädler et al., 2010; Scherber et al., 2010; but 

see Johnson, 2008), supporting the notion that herbivores respond more strongly to plant trait 

variation than do predators (Johnson, 2008). In addition, some groups of predators (e.g., 

parasitoids in our system) exhibit highly efficient foraging strategies and may be able to 

overcome or be less influenced by the effects of habitat heterogeneity produced by plant 

genotype variation (Abdala-Roberts & Mooney, 2013).  

Evolutionary consequences of plant diversity 

Interaction modifications are increasingly recognized as an important source of 

evolutionary change (Miller & Travis, 1996; Inouye & Stinchcombe, 2001; Strauss & Irwin, 

2004; Mooney & Singer, 2012). Accordingly, our findings suggest that they may provide a 

useful framework for understanding and predicting the evolutionary consequences of plant 

diversity effects on consumers. However, to date, very few studies have explicitly tested for 

plant diversity-mediated interaction modifications (e.g., Moreira et al., 2012; Moreira & 

Mooney, 2013) and none have tested the evolutionary consequences of such altered interactions 

(but see Parker et al. 2010). Whereas, Moreira et al. (2012) and Moreira and Mooney (2013) 

tested for effects of diversity on the rate of recruitment of predatory ants, only the former found 



 

 

 

91 

evidence of stronger top-down effects of ants on plant growth at high diversity. However, this 

study did not evaluate the evolutionary consequences of altered top-down effects (Moreira et al., 

2012). In addition, Johnson et al. (2006) found that plant genotype diversity influenced arthropod 

abundance, which in turn had an impact on plant fitness. Nonetheless, this study did not test for 

interaction modifications or changes in selection on plant traits. To date, the only study that has 

addressed the potential for eco-evolutionary feedbacks between plant diversity and trophic 

interactions was conducted by Parker et al. (2010) who found that plant genetic diversity 

influenced herbivory by voles and deer, which in turn led to altered patterns of selection on plant 

traits. 

Our study provides direct evidence that plant diversity, in shaping plant-herbivore 

interactions, can lead to changes in herbivore selection on plants (Agrawal et al., 2006). Relative 

to monocultures, seed predator recruitment in polycultures was weaker at intermediate fruit 

abundance and greater at high fruit abundance, resulting in a change from directional selection 

for increased fruit number at low diversity, to non-linear selection at high diversity. Although 

this difference in seed predator selection between low and high diversity was not strong, it 

nonetheless suggests that genotypes with intermediate fruit number were selectively favored in 

polycultures (i.e., stabilizing selection; Fig. 3.2B). Interestingly, this change in mode of selection 

at high diversity became apparent only under the bi-trophic scenario. Because this pattern was 

not observed in the absence of seed predator effects (mono-trophic scenario), this indicates that 

seed predators were responsible for the change in selection across levels of diversity. Moreover, 

the fact that diversity failed to alter selection under the tri-trophic scenario suggests that 

parasitoids prevented a feedback between diversity and seed predator selection. This latter 

finding is biologically relevant because previous work has shown that parasitism levels vary 
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greatly among R. nudiflora populations (0% to 65%; Abdala-Roberts et al., 2010) which may 

lead to differences in the strength of these feedbacks (this study representing an extreme case 

where high parasitism prevents a feedback). Because spatial variation in consumer species 

composition and the intensity of interactions is widespread across systems (Thompson, 2005; 

Gripenberg & Roslin, 2007), our findings suggest that geographic variation in plant diversity-

consumer feedbacks is common and may be contingent upon predator or parasitoid top-down 

effects. It is also interesting to note that parasitoid effects were only present at high plant 

diversity, suggesting that trophic complexity interacts with diversity within trophic levels to 

determine patterns of selection on plant traits (see Parker et al., 2010).  

While this study focused on the patterns of selection for increased fruit number in the first 

year of growth, it is likely that any such evolutionary response would trade-off with reproduction 

in subsequent years. Accordingly, in this study we found three-fold variation among families in 

fruit production during the first growing season, supporting the idea that trade-offs between 

present and future reproduction maintain genetic variation in reproductive display size. Previous 

work has also shown a negative genetic correlation between chasmogamous and cleistogamous 

reproduction, suggesting that a reproductive trade-off is present in this aspect of R. nudiflora’s 

reproductive strategy as well (L. Abdala-Roberts, unpublished data). Therefore, it is possible that 

the observed selective effects by seed predators and parasitoids on fruit number may vary across 

growing seasons (via present-future reproductive trade-offs), as well as differentially influence 

each reproductive function (via chasmogamy-cleistogamy trade-offs). Having said this, however, 

patterns of selection during the first year of growth recorded in the present study probably have a 

large influence on lifetime fitness for short-lived perennials such as R. nudiflora. 
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Concluding remarks 

Most previous work lacks an explicit consideration of the mechanisms by which plant 

diversity influences consumers, and the evolutionary consequences of such effects remain largely 

untested. Our study emphasizes the value of using functional responses to depict interaction 

modifications. Accordingly, we show that linking consumer functional responses to patterns of 

selection allows us to understand and predict the evolutionary outcomes of complex (multi-

trophic) interactions. Our findings also underscore that this approach can be used to evaluate the 

ecological and evolutionary consequences of plant diversity or any other source of variation in 

plant bottom-up effects on higher trophic levels. Finally, we suggest that there is widespread 

potential for eco-evolutionary feedbacks between plant bottom-up forcing and consumer top-

down effects. If such feedbacks involve plant intra-specific diversity, then there is the possibility 

for altered patterns (strength and mode) of selection among plant patches with varying diversity. 

These dynamics may shape the amount and spatial distribution of genetic variation within 

populations which will then influence consumers. 
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Table 3.1. Summary of results from “initial” models testing for Ruellia nudiflora genotype 

diversity effects on fruit number, seed predator abundance, and parasitoid abundance. Models 

also accounted for the effects of fruit type (cleistogamous and chasmogamous) and block 

(significance not tested for). DF = numerator, denominator degrees of freedom. Significant 

effects (P < 0.05) are in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable Source DF F-value P-value 

Fruit number Diversity 1,62 1.27 0.26 

 Fruit type  1,62 219.25 < 0.0001 

Seed predator number Diversity  1,55 0.56 0.45 

 Fruit type  1,55 268.55 <0.0001 

Parasitoid number Diversity  1,54 0.66 0.42 

 Fruit type  1,54 148.13 <0.0001 
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Table 3.2. Summary of results from “mechanistic” models testing for effects of Ruellia nudiflora 

genotype diversity on plant-seed predator and seed predator-parasitoid interactions (i.e., 

diversity-mediated interaction modifications). DF = numerator, denominator degrees of freedom. 

Significant (P < 0.05) results are in bold.  

 

 

 

 

 

 

 

Variable Source DF F-value P-value 

Seed predator (SP) number Diversity (D) 1,51 0.05 0.83 

 Fruit type  1,51 28.69 <0.0001 

 Fruit number 1,51 82.56 <0.0001 

 Fruit number
2
 1,51 16.41 0.0002 

 Fruit number  D 1,51 2.08 0.15 

 Fruit number
2
  D 1,51 6.25 0.01 

Parasitoid number Diversity (D) 1,50 0.08 0.78 

 Fruit type 1,50 31.63 <0.0001 

 SP abundance 1,50 165.13 <0.0001 

 SP abundance
2
  1,50 0.39 0.53 

 SP abundance  D 1,50 0.04 0.83 

 SP abundance
2
  D 1,50 0.05 0.82 
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Table 3.3. Measurements of selection on Ruellia nudiflora fruit number at low and high plant genotype diversity, under different 

“trophic” scenarios: “mono-trophic” selection on fruit number assumes no seed predator or parasitoid effects on seed output; “bi-

trophic” selection accounts for seed predation but not seed rescue by parasitoids; and “tri-trophic” selection accounts for both seed 

predator and parasitoid effects on seed number. β’s are the directional selection gradients on fruit number when only the linear fruit 

number term was included in the model, whereas γ’s are the non-linear selection gradients when both the linear and quadratic terms 

were included in the model (Scheiner et al. 2000). The quadratic term was significant only for the polyculture treatment under the bi-

trophic scenario. Both unstandardized () and standardized () selection gradients and standard errors (S.E.) are reported, as 

well as model R
2 

values.  *P < 0.05, **P < 0.001 

 

Diversity Trophic   (S.E.)  (S.E.) R
2
  (S.E)  (S.E) R

2
 

Monoculture Mono- 0.057 (0.004)** 0.91 (0.064) 0.93 -0.0008 (0.0007) -0.014 (0.011) 0.92 

 Bi- 0.067 (0.007)** 1.07 (0.112) 0.88 0.001 (0.001) 0.016 (0.016) 0.88 

 Tri- 0.057 (0.004)** 0.91 (0.064) 0.96 0.00001 (0.0006) 0.0001 (0.01) 0.96 

Polyculture Mono- 0.051 (0.003)** 0.81 (0.048) 0.96 0.00007 (0.005) 0.001 (0.08) 0.88 

 Bi- 0.052 (0.002)** 0.83 (0.003) 0.88 -0.002 (0.0007)* -0.031 (0.011) 0.92 

 Tri- 0.052 (0.003)** 0.83 (0.048) 0.95 -0.0005 (0.0005) -0.008 (0.008) 0.96 
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Figure 3.1. Relationship between the number of Ruellia nudiflora fruits produced and seed 

predator abundance (panel A) and between the number of seed predators and parasitoids (panel 

B), shown separately for low and high plant genotype diversity; predicted relationships based 

upon quadratic (panel A) or linear (panel B) regression models are presented for each level of 

diversity. Insets depict fractional responses between the number of fruits and the proportion of 

attacked fruits (inset panel A), and between the number of seed predators and the proportion of 

parasitized seed predators (inset panel B). Dots represent plot-level least-square means for fruit, 

seed predator, and parasitoid number based upon a general linear model accounting for fruit type 

(cleistogamous or chasmogamous).  
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Figure 3.2. Patterns of natural selection on Ruellia nudiflora fruit number at high and low plant 

genotype diversity under three trophic scenarios: in the absence of seed predator and parasitoid 

effects on plant fitness (“mono-trophic”, panel A), accounting for seed predator effects but not 

parasitoid seed rescue (“bi-trophic”, panel B), and accounting for both seed predator and 

parasitoid effects (“tri-trophic”, panel C) on plant fitness. Relative fitness values were calculated 

within each trophic scenario and level of diversity. Selection on fruit number did not differ 

between levels of diversity under the mono- and tri-trophic selection gradients (positive, 

directional in both cases), but did differ under the bi-trophic scenario where it changed from 

directional selection at low diversity to stabilizing selection at high diversity. The comparison of 

slopes among trophic scenarios was the subject of another experiment (Abdala-Roberts et al. in 

review). Dots represent plant family means. 
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CHAPTER 4: Comparison of tree genotypic diversity and species diversity effects on different 

guilds of insect herbivores 

 

INTRODUCTION 

Evidence has mounted for the effects of intra- (reviewed by Bailey et al., 2009) and inter-

specific (e.g. Siemann, 1998; Haddad et al., 2009) plant diversity on higher trophic levels. 

Numerous studies have found effects of plant diversity on arthropod species richness and 

abundance (e.g. Koricheva et al., 2000; Crutsinger et al., 2006; Haddad et al., 2009) and on 

consumptive interactions among species at higher trophic levels (Moreira & Mooney, 2013; 

Abdala-Roberts & Mooney, 2014), with the basis of such effects being variation in ecologically 

important traits among plant species or genotypes within species (Hare, 2002; Mooney & Singer, 

2012). One widely documented pattern is that greater plant diversity frequently leads to 

reductions in herbivory (reviewed by Andow, 1991; Barbosa et al., 2009). Two hypotheses have 

been offered to explain this phenomenon and both invoke the influence of resource heterogeneity 

on consumers. According to the “Enemies Hypothesis” (hereafter EH; Root, 1973), greater 

habitat complexity at high plant diversity should favor increased predator recruitment (e.g. 

because of greater availability of shelters or prey) resulting in stronger top-down suppression of 

herbivore populations and thus lower herbivory (reviewed by Russell, 1989). Alternatively, the 

“Resource Concentration Hypothesis” (RCH) (Root, 1973) holds that herbivore foraging is 

density-dependent and that increasing plant species diversity at a constant plant density reduces 

the probability of an herbivore finding a preferred host plant, which lowers herbivore recruitment 

and damage on individual plants. While both hypotheses have received considerable attention, 

evidence from natural systems has generated mixed support (Bommarco & Banks, 2003; 

Underwood et al., 2014).  
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The inconsistent support for the EH and RCH could be due to unaccounted variation in 

herbivores traits (Vehviläinen et al., 2007; Plath et al., 2012). For example, the dynamics 

predicted by the EH should be more likely to occur for generalist herbivores because they are 

more susceptible to natural enemies as they frequently lack defense mechanisms found in 

specialists such as crypsis or sequestration of plant toxic compounds (Mooney et al., 2012; 

Singer et al., 2014). Similarly, the dynamics predicted by the RCH should also depend on 

herbivore dietary specialization (Root, 1973); in this case, however, specialist herbivores should 

be negatively influenced by plant diversity whereas generalist herbivores should exhibit weak (or 

variable) responses because they are not limited to feeding on a specific host plant (Jactel & 

Brockerhoff, 2007; Castagneyrol et al., 2013; Salazar et al., 2013). In addition, other traits such 

as mobility and feeding mode are also thought to be important predictors of plant diversity 

effects on herbivores (Koricheva et al., 2000; Bommarco & Banks, 2003). 

Plant diversity effects on herbivores may also vary depending on the magnitude of 

underlying plant trait variation. We expect that because trait variation is typically greater among 

species than among genotypes within a species (Albert et al., 2010), plant species diversity 

should lead to stronger effects on consumers via greater resource heterogeneity influencing 

predator (as predicted by the EH) or herbivore (as predicted by the RCH) foraging behaviors. 

However, only two studies have tested this prediction and found that genotypic diversity effects 

were equally (Cook-Patton et al., 2011) or more (Crawford & Rudgers, 2013) important than 

species diversity in structuring arthropod communities. Further research comparing various 

sources of plant diversity is necessary in order to assess the relative strength and combined 

action of plant intra- and interspecific diversity effects on consumers. 
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We report on the results of a large-scale (7.2-ha, 4780 plants) tree diversity experiment in 

southern Mexico testing for the effects of big-leaf mahogany (Swietenia macrophylla King) 

genotypic diversity and tree species diversity on two groups of insect herbivores: immobile, 

mandibulate specialists that feed exclusively on mahogany, Hypsipyla grandella Zeller stem 

borers and Phyllocnistis meliacella Becker leaf miners (hereafter “specialists”), and mobile, 

phloem-feeding generalists (leafhoppers, Cicadellidae; hereafter “generalists”). In addition, the 

specialists are concealed or internal feeders whereas the generalists are external feeders. 

Therefore, effects of plant diversity on each group may reflect differences in diet breadth as well 

as other traits such as mobility and feeding mode. In addition, to evaluate the EH we also tested 

for diversity effects on spiders, a major group of predators in the system which could mediate 

diversity effects on herbivores. Sampling was conducted on tree saplings at an early time point in 

the experiment, prior to direct interactions among widely-spaced plants. Thus, any effect of 

diversity on consumers would be mostly due to plant-based habitat heterogeneity influencing 

consumer foraging behavior, rather than effects of increased plant biomass as a result of resource 

partitioning or facilitative interactions among plants. First, we predicted that the strength of 

diversity effects corresponds to the magnitude of plant trait variation underlying each source of 

diversity, i.e. species diversity exerts a stronger effect on herbivores and predators than 

genotypic diversity (predicted by both the EH and RCH). Second, we predicted that genotypic 

diversity effects on these consumer groups are weaker at high species diversity because the 

effects of genotype variation are overridden by increased variation at the tree species level. 

Third, our predictions for the response of the two herbivore groups differ between the EH and 

the RCH. Following the RCH, we predicted that specialist herbivores are more strongly 

(negatively) influenced by tree species diversity than generalists, as the former are more sensitive 
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to changes in density of a particular host (i.e. mahogany) across levels of species diversity. 

Similarly, the effects of mahogany genotypic diversity (albeit weaker overall) are expected to be 

stronger on specialists because of reductions in density of a preferred genotype at high genotypic 

diversity, whereas generalists are less influenced by genotype variation (and thus diversity) 

within any one tree species. Alternatively, following the EH, generalist herbivores are expected 

to be more strongly affected by diversity than specialists because the former are more susceptible 

to enhanced effects by predators at high diversity. In addressing these hypotheses, this study 

builds towards a predictive understanding of plant diversity-herbivory relationships and more 

broadly of consumer responses to resource heterogeneity. 

 

MATERIALS AND METHODS 

 

Study system: Big-leaf mahogany and its herbivores 

Big-leaf mahogany (S. macrophylla, Meliaceae), the target tree species and the 

component of genotype variation evaluated within this study, is a self-compatible, long-lived 

perennial tree distributed from southern México to Bolivia (Pennington & Sarhukán, 2005). 

Adult tree density of mahogany is low in tropical forests, but seedlings occur at higher densities 

and can be found in mono-specific patches in forest gaps (Grogan et al., 2003). The main 

herbivores of this species in tropical forests are insect leaf chewers (Norghauer et al., 2010) and 

small mammals (Grogan et al. 2003), whereas in managed systems the most common herbivores 

are Hypsipyla grandella (Lepidoptera: Pyralidae) stem-boring caterpillars, Phyllocnistis 

meliacella (Lepidoptera: Gracillariidae) leaf-mining caterpillars, and phloem-feeding leafhoppers 

(Cicadellidae). These two specialist caterpillars as well as the generalist phloem-feeders were the 
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most abundant groups of herbivores in our system, and we thus chose to focus on them in this 

study. 

Hypsipyla grandella is a specialist herbivore that only feeds on a handful of species of 

Meliaceae (Newton et al., 1993). Larvae carve tunnels through the terminal shoots of saplings 

and juvenile plants, resulting in deformation of the main stem and reduced growth, and a single 

caterpillar can produce multiple damage sites per plant (Mo et al., 1997). Likewise, P. meliacella 

is a caterpillar that also specializes on a few species of Meliaceae (Becker, 1976; Arguedas, 

2007). Leafminer larvae produce characteristic serpentine galleries throughout the leaf surface 

(Becker, 1976). Finally, leafhoppers (Hemiptera: Cicadellidae) are frequently found feeding on 

mahogany in disturbed sites (Sánchez-Soto et al., 2009). Most of the leafhopper species found in 

our study system are dietary generalists (Maes & Godoy, 1993), and at the study site the most 

common species belong to the genera Homalodisca, Oncometopia, and Pseudophera. 

Abundance and damage by these generalist leafhoppers and by specialist caterpillars is greatest 

during the rainy season, which spans from June to October. 

In tropical forests of the Yucatan Peninsula, big-leaf mahogany co-occurs with five other 

tree species (CICY 2010) that were used to manipulate tree species diversity in this experiment 

(see Experimental design), namely: Tabebuia rosea (Bertol.) DC. (Bignonaceae), Ceiba 

pentandra (L.) Gaertn. (Malvaceae), Enterolobium cyclocarpum (Jacq.) Griseb. (Fabaceae), 

Piscidia piscipula (L.) Sarg. (Fabaceae), and Cordia dodecandra A. DC. (Boraginaceae). These 

species are long-lived, deciduous, and adult trees generally reach from 20 m (P. piscipula) to 40 

m (C. pentandra) in maximum height, depending on the species (Pennington & Sarhukán, 2005), 

and are distributed from central México to Central and South America (Pennington & Sarhukán, 

2005).  
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Experimental design 

Across 7.2 ha we planted 74 plots of 21 × 21m each at a density of 64 plants per plot, 3 m 

spacing among trees, for a total of 4780 plants. Aisles between plots were 6-m wide. The 

experiment was established on a recently cleared site where vegetation was composed mostly of 

grasses and shrubs, and is currently surrounded by a matrix of secondary tropical forest. For this 

study, we restricted our sampling to the 59 plots where mahogany was planted (ignoring 15 plots 

without mahogany). These plots were classified into four types, depending on the diversity 

treatment combination: a) mahogany monocultures of a single genotype (12 plots, two replicate 

plots/genotype), b) mahogany monocultures of four genotypes (20 plots), c) polycultures of four 

species within which all mahogany saplings planted were of one genotype (12 plots, two plots 

per genotype), and d) polycultures of four species within which mahogany plants were 

represented by four genotypes (15 plots) (Appendix B). Treatments of both species and 

genotypic diversity included equal numbers of individuals of four species and four mahogany 

genotypes drawn randomly from pools of six species and six genotypes, respectively. All non-

mahogany species were equally represented across polycultures (each species present in six 

polyculture plots). Likewise, mahogany genotypes were represented in a similar number of 

mahogany monocultures of four genotypes (8-9 plots per genotype), and also in a similar number 

of species polycultures where mahogany plants were of four genotypes (9-10 plots per 

genotype). Plots of each treatment combination were randomly interspersed throughout the 

experimental landscape. 

Seed sources and collection  

From January 2011 to March 2011, we collected seeds of all species from adult plants 

located in southern Quintana Roo (México), and germinated at the INIFAP (Instituto Nacional de 
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Investigaciones Forestales Agrícolas y Pecuarias) campus in Mocochá, Yucatán (México) 

(21º6’40’’N, 89º26’35’’W). For all species, we collected seed from six mother trees (distance 

among trees ranged from 0.5 to 50 km, depending on the species; 3 to 50 km for mahogany). In 

the case of mahogany, these seed source distances fall within the range used by previous studies 

to define distinct populations of this species (Gillies et al., 1999; Loveless & Gullison, 2003). 

Accordingly, we found significant variation among mahogany maternal families (mixture of full- 

and half-sibs; hereafter referred to broadly as "genotypes") in growth-related traits (e.g. canopy 

size: 2.5-fold), herbivore resistance (e.g. stem borer attack: 3.8-fold) (Appendix C), and chemical 

defenses (polyphenolics: five-fold variation 10.44 mg/g to 50.39 mg/g; F5,50 = 6.30, P < 0.0001; 

data from Moreira et al., 2014). As such, these genotype identity effects represent the basis of 

genotypic diversity effects on herbivores. In December 2011, we established the diversity 

experiment by planting four month-old seedlings (40-60 cm in height) at a site owned by 

INIFAP near Muna, Yucatan (100 km southwest of Mocochá; 20°24’44’’N, 89°45’13’’W). 

Plants were fertilized once in January 2012 with N, P, and K (20:30:10), and irrigated with 2 l of 

water three times per week from January 2012 until June 2012. Seedlings were sampled from 

June 2012 until November 2012.  

Measurements of plant growth and consumer abundance 

We measured the size of mahogany plants at the start (June 2012; all mahogany plants N 

= 2480) and end (October 2012: randomly chosen subset N = 944) of the rainy season. Plant size 

was estimated by measuring canopy height, width, and length, and calculating the product of 

these three measures which represented a proxy of canopy volume (m
3
). Given the short time 

since the establishment of the plantation (six months), we found no effects of mahogany 

genotypic diversity or tree species diversity on mahogany canopy volume at the end of the 
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growing season, suggesting weak effects of diversity on plant biomass via plant-plant 

interactions (analyses based upon plot-level-means; see Appendix D). Likewise, analyses 

showed no initial differences in mahogany canopy volume between diversity treatments 

(Appendix D). 

We conducted three surveys of H. grandella stem borer attack throughout the rainy 

season of 2012, approximately every 45 days, in late July ("early season"), mid-September 

("mid-season"), and late October ("late season"). During each survey, we inspected the entire 

canopy of each mahogany sapling (N = 2480 plants, 59 plots) and recorded the number of new 

attack sites (following Taveras et al., 2004).  At the start of the sampling season, mahogany 

height and canopy volume were 76.04 ± 1.21 cm and 0.17 ± 0.01 m
3
, respectively (mean ± S.E.). 

For P. meliacella leaf miners, we randomly selected 16 mahogany plants from each plot where 

mahogany was planted (N = 944 plants, 59 plots), examined the entire canopy of each plant, and 

counted the number of leaves with mines (in > 90% of cases we observed one mine per leaf). We 

conducted this survey only once at the end of the rainy season of 2012 (mid-October). Because 

mahogany leaves are long-lived, both old and new mines were present on a given plant at the 

time of sampling, and our survey thus represented an estimate of cumulative leaf miner 

abundance throughout the rainy season. Adults of this herbivore were identified following 

Becker (1976).  

We used the same plants surveyed for leaf miner abundance to record leafhopper 

(Cicadellidae) and spider abundance by examining the entire canopy of each mahogany plant 

three times throughout the rainy season of 2012 (late July, late September, and late October). 

Across tree species, sap feeders represented 42.9% of all recorded specimens of generalist 

herbivores (M. Campos-Navarrete unpublished), and they were the most abundant guild of 
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generalist herbivores found on mahogany during the sampling season (representing 88.2% of all 

generalist herbivore specimens recorded for this tree species). Oncometopia sp. Stål, 

Homalodisca hambletoni Young, and Pseudophera atra (Walker) accounted for 45.3% of all 

generalist sap-feeding specimens and were observed feeding on all tree species (Appendix E; M. 

Campos-Navarrete unpublished). These three generalist herbivores were the subject of this study 

and exhibited up to 15-fold variation in abundance among tree species thus emphasizing the 

importance of tree species identity effects (M. Campos-Navarrete unpublished). The genus and 

species of these leafhoppers were identified following Young (1968). On the other hand, spiders 

were the most abundant predator group on mahogany (87% of predatory arthropods surveyed, 

excluding ants; L. Abdala-Roberts unpublished). Although ants were more abundant than 

spiders, some ant species tended leafhoppers for their honeydew and thus their role as predators 

or mutualists is difficult to assess (L. Abdala-Roberts pers. obs.). Based on this, we chose to 

focus only on spiders to test if natural enemies mediate plant diversity effects on herbivores. 

Spiders were frequently observed feeding on leafhoppers, as well as moths and butterflies (L. 

Abdala-Roberts pers. obs.), the latter suggesting that they likely fed upon adults of the studied 

specialist stem borer and leaf miner. It is important to note that by sampling leafhoppers and 

spiders only on mahogany (rather than sampling all tree species), our test of species diversity 

effects on these generalist consumers addresses the influence of tree species neighborhood on 

one of the component species in the system rather than the overall effect of species diversity on 

these consumers (i.e. across all tree species). In addition, while this study focuses on diversity 

effects on herbivore and predator abundance we acknowledge that measuring effects on 

herbivory (while different in nature and depending on the questions being asked) is desirable to 

obtain a more complete understanding of diversity effects on plant-herbivore interactions. 
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Data analyses 

Specialist herbivores 

We used a repeated measures general linear model with PROC MIXED in SAS 9.2 (Cary, 

N.C.) using plot as subject, to test for the effects of mahogany genotypic diversity (fixed, two 

levels), tree species diversity (fixed, two levels), survey (fixed, three levels), all two-way 

interactions, and the three-way interaction on the proportion of plants with new H. grandella 

attack sites per plot during each survey. We used a repeated measures analysis (as opposed to 

cumulative or mean values across surveys) because we observed a significant change through 

time in the effects of diversity on stem borer attack (see Results). Although a parallel repeated-

measures model using the plot-level mean number of attacks per plant, per survey yielded 

qualitatively similar results (not shown), the frequency of attack sites does not provide a reliable 

estimate of stem borer abundance as a single Hypsipyla larva can produce multiple damage sites 

on a plant. Therefore, we only report results for the proportion of attacked plants which is in 

keeping with our goal of measuring effects on herbivore abundance. If we found a significant 

interaction between either source of diversity and survey date, we performed component models 

testing for diversity effects separately within each survey date. In the case of P. meliacella leaf 

miners, we performed a general linear model with PROC GLM in SAS to test for effects of 

genotypic diversity, species diversity, and their interaction on the plot-level mean number of 

leaves with mines (i.e. average of all sampled mahogany plants within each plot).  

Generalist herbivores 

We performed a general linear model with PROC GLM in SAS using the same model 

previously described for leaf miner abundance. We summed leafhopper counts across species 

and surveys for each plant and used the mean value across plants per plot as response variable. 
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We did not use a repeated measures model because preliminary analyses showed no temporal 

variation in the strength or direction of diversity effects on leafhopper abundance (i.e. non-

significant survey date × species diversity and survey date × genotypic diversity interactions; 

F2,112 = 0.14, P = 0.86 and F2,112 = 0.89, P = 0.41, respectively). Analyses performed separately 

for each of the three leafhopper species yielded qualitatively identical results relative to a model 

based upon pooled data across species (Appendix F).  

Spiders 

We performed a general linear model with PROC GLM in SAS using the same model 

previously described for leaf miners and leafhoppers. We summed spider counts across surveys 

for each plant and used the mean value across plants per plot as response variable. As for 

leafhoppers, we did not find temporal variation in the strength or direction of diversity effects on 

spider abundance (i.e. non-significant survey date × species diversity and survey date × 

genotypic diversity interactions; F2,111 = 0.16, P = 0.85 and F2,111 = 1.13, P = 0.32, respectively). 

Testing for non-additive effects of diversity 

Whenever a genotypic or species diversity effect was significant in the above models, we 

determined if such effect was additive, where diversity effects were due to sampling effects, or 

non-additive, where diversity results in higher or lower values relative to monoculture (Houston, 

1997; Tilman et al., 2002). Following Johnson et al. (2006), we calculated mahogany genotype 

means for each consumer group at low diversity (i.e. expected values), and compared these 

values to the mean of each genotype at high diversity (i.e. observed values). For mahogany 

genotypic diversity, we compared the mean of each genotype across mahogany monocultures 

with one genotype and species polycultures with one mahogany genotype (expected values) to 

observed values of the corresponding genotype in mahogany monocultures of four genotypes and 
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species polycultures with four genotypes (observed values). For species diversity, we compared 

the mean of each genotype across mahogany monocultures of one genotype and mahogany 

monocultures of four genotypes (expected values) to observed values of the corresponding 

genotype in species polycultures with either one or four mahogany genotypes (observed values). 

We performed genotypic and species diversity tests separately by comparing observed and 

expected values (“dataset” effect) with one-way general linear models in PROC MIXED, 

including plot as a random effect and genotype nested within plot. These models also included 

the effects of plot and genotype nested within plot which made them similar to a paired test 

comparing observed vs. expected values for each genotype (Johnson et al., 2006). A significant 

difference between observed and expected values is necessarily due to non-additivity as the 

comparison is performed by specifying the monoculture values of each genotype (i.e. sampling 

effects are accounted for by including genotype-specific expected values). For stem borer attack, 

we performed these tests separately for each survey whenever a diversity effect was significant 

on a given date.  

General considerations 

For all models we used plot-level data and included plot-level mean canopy volume 

(mean across plants per plot) as a covariate to account for residual variation in mahogany size 

influencing herbivore and spider abundance. If the genotypic diversity × species diversity 

interaction was significant for the herbivore abundance or non-additivity models, we performed 

component models testing for an effect of each source of diversity separately within each level of 

the other source of diversity. For all models, we used a normal distribution with the identity as 

link function. The assumption of normality was met in all cases following verification of 

residuals and Kolmogorov-Smirnov tests. In addition, although we found evidence of 
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heteroscedasticity for the models testing for non-additivity of diversity effects, non-parametric 

Wilcoxon tests showed qualitatively similar results (not shown). Thus, we report results for 

parametric models only. We present least-square means and standard errors as descriptive 

statistics and report results for Type III sums of squares. 

 

RESULTS 

 

Effects of plant diversity on specialist herbivores 

The mean percent of mahogany plants with new attack sites by H. grandella stem borers per plot 

was 18.5 ± 2.0% (mean and S.E. across surveys). Although there was no overall effect of tree 

species diversity (mahogany monocultures vs. species polycultures) on the proportion of plants 

with new attacks per plot (Table 4.1 and Fig. 4.1A), we found significant species diversity × 

survey interaction (Table 4.1), indicating a temporal shift in the effect of tree species diversity 

(Fig. 4.1B). Specifically, we found that during the second survey date species polycultures 

exhibited a 55% lower proportion of attacked plants relative to monocultures (F1,53 = 5.35, P = 

0.02) (Fig. 4.1B), while for the third survey this pattern reversed as polycultures exhibited a 24% 

higher proportion of attacked plants relative to monocultures (F1,53 = 4.20, P = 0.04) (Fig. 4.1B). 

The negative effect of species diversity on stem borer attack during the second survey date was 

non-additive (observed vs. expected: F1,67 = 10.64, P = 0.002), whereas for the third survey the 

effect was additive (F1,65 = 2.66, P = 0.11). There was no overall effect of genotypic diversity 

(genotype monocultures vs. plots with four genotypes) on stem borer attack as well as no 

evidence of a genotypic diversity × species diversity interaction (Table 4.1 and Fig. 4.1A).  

 There was a significant effect of species diversity on the plot-level mean number of P. 

meliacella leaf mines per plant (Table 4.1), with species polycultures showing a 48% lower mean 
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value relative to mahogany monocultures (Fig. 4.2A). Such reduction in leaf miner abundance 

for species polycultures was greater than expected based upon leaf miner abundance in 

mahogany monocultures (F1,66 = 7.51, P = 0.008), indicating non-additive effects of species 

diversity on this specialist herbivore. In contrast, there was no effect of mahogany genotypic 

diversity (Fig. 4.2A). Likewise, we found no evidence of a genotypic diversity × species 

diversity interaction on leaf miner abundance (Table 4.1 and Fig. 4.2A). 

Effects of plant diversity on generalist herbivores  

Oncometopia sp. was by far the most abundant of the three focal leafhopper species 

feeding on mahogany (1470 individuals, 82.5% of specimens recorded), followed by H. 

hambletoni (177 individuals, 9.2%), and P. atra (161 specimens, 8.3%). Based upon pooled 

abundances across species and contrary to the results for the two specialist caterpillars, there was 

no evidence of tree species diversity on the abundance of generalist leafhoppers (Table 4.1 and 

Fig. 4.2B). Likewise, there was no effect of genotypic diversity, as well as no evidence of a 

genotypic diversity × species diversity interaction on leafhopper abundance (Table 4.1 and Fig. 

4.2B). As mentioned previously, models conducted separately for each leafhopper species 

yielded equivalent results (Appendix F). 

Effects of plant diversity on predators  

There was no evidence of either tree species diversity (monocultures = 0.70 ± 0.05 

spiders; polycultures = 0.76 ± 0.06) or mahogany genotypic diversity (plots with one genotype = 

0.78 ± 0.06 spiders; four genotypes = 0.68 ± 0.05) on spider abundance (Table 4.1). Likewise, 

the genotypic diversity × species diversity interaction on spider abundance was not significant 

(Table 4.1). 
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DISCUSSION  

Our study provides insight into how herbivore species vary in their response to different 

sources of plant diversity (i.e. intra- and interspecific). Because of presumably weak plant-plant 

interactions at the time of insect monitoring, diversity effects on the specialist herbivores likely 

occurred not through increased mahogany growth via plant resource partitioning or facilitation, 

but rather through the effects of greater habitat heterogeneity. We found that specialist 

herbivores (i.e. immobile stem borers and leaf miners) were responsive to tree species, but not to 

mahogany genotypic diversity, whereas generalist herbivores (i.e. mobile leafhoppers) were not 

influenced by either form of diversity. Because diversity effects were observed for specialists 

only, they likely operated directly on herbivore foraging behavior (as predicted by the RCH) 

rather than indirectly through suppression by predators (as predicted by the EH). The lack of 

diversity effects on spider abundance further supports this interpretation.  

Effects of tree species diversity on herbivores 

Had the effects of diversity operated via natural enemies (according to the EH), we would 

expect an increase in predation or parasitism at high diversity which would have led to stronger 

reductions in the abundance of generalist herbivores (relative to specialists) because these are 

generally more susceptible to natural enemies (Bernays, 1998; Mooney et al., 2012; Singer et al., 

2014). However, we found the opposite pattern as only the specialists were influenced by tree 

species diversity. In addition, tree species diversity did not influence spider abundance 

suggesting that diversity effects on the specialist herbivores were not mediated by this predator 

functional group. Recent work conducted at the study plantation has similarly shown no effect of 

tree species diversity on parasitism associated with P. meliacella (mahogany monocultures: 49.1 

± 11.2%; species polycultures: 42.9 ± 9.2%; L. Abdala-Roberts, unpublished), and previous 
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studies conducted in mahogany and Mexican cedar (Cedrela odorata) plantations located near 

our study site (Chan-Basto, 2006) have found low parasitism rates for H. grandella (2 to 6%). 

Although these findings suggest that predators and parasitoids probably did not mediate the 

effect of tree species diversity on the specialist herbivores, we cannot entirely rule out their 

influence. Further work is necessary to assess whether natural enemies become a predominant 

force controlling herbivore populations in subsequent successional stages as observed in 

previous forest studies (Jactel & Brockerhoff, 2007). 

 That species diversity effects affected specialist but not generalist herbivores is in 

keeping with the RCH, which predicts that specialists are more strongly influenced by plant 

diversity. For the two specialist herbivores, we found species diversity reduced the abundance of 

P. meliacella leaf miner abundance (48%) and H. grandella stem borer abundance for the middle 

survey (55%). With respect to stem borers, we speculate that attack occurred in accordance to the 

mechanisms predicted by the RCH at the middle of the sampling season, with greater attack 

occurring at low diversity because of easier host location under higher densities of mahogany. 

This effect was non-additive supporting the idea that such diversity effect was mediated by 

emergent patch-level properties (i.e. resource heterogeneity). The subsequent reversal of this 

pattern may have been due to reduced host availability in the low-diversity plots (which 

exhibited greater attack rates earlier).  

At the same time, our finding of generalist herbivores being insensitive to species 

diversity runs counter to results from several previous studies showing positive effects of plant 

species diversity (e.g. Loranger et al., 2014). These effects have been attributed to diet mixing 

(Singer et al., 2004; Unsicker et al., 2008), increased encounter rates with preferred hosts 

(Salazar et al., 2013), or greater plant biomass (Crutsinger et al., 2006; Cook-Patton et al., 2011). 
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Our results are unsupportive of this last mechanism because there were no effects of diversity on 

tree sapling growth. Accordingly, if plant diversity effects on generalist herbivores typically 

operate via increased plant biomass, this might explain our failure to detect such effects on 

leafhoppers.  

The studied herbivore groups varied not only in diet breadth, but also in their degree of 

mobility; the specialist caterpillars have relatively immobile larval stages whereas the generalist 

leafhoppers have highly mobile nymphs (in addition to adults). Dispersal ability can influence 

herbivore responses to plant diversity, with mobile herbivores responding more than sedentary 

herbivores because they can more readily disperse and choose among plant patches (Bommarco 

& Banks, 2003). While we cannot separate the effects of diet breadth and mobility, had the latter 

predominated then this would have presumably led to a stronger effect of tree species diversity 

on (mobile) generalist leafhoppers which runs counter to our findings. This suggests that diet 

breadth (and not dispersal ability) was responsible for the reduction in damage by stem borers 

and leaf miners at high diversity. However, a robust evaluation of the linkage between plant 

diversity and herbivore diet breadth requires testing for effects on generalist and specialist 

species within the same taxon, as well as controlling for other factors such as feeding guild or 

feeding mode (Ali & Agrawal, 2012; Plath et al., 2012). 

Effects of plant genotypic diversity on herbivores 

Despite using a mahogany parental tree sampling scheme that provided equal or greater 

variation than that found at the population level and despite observing detectable variation 

among mahogany genotypes in growth and chemical defenses (Moreira et al., 2014; data from 

this study), we found no evidence of mahogany genotypic diversity effects on herbivores. This 

finding runs counter to previous work showing strong effects of plant genotypic diversity on 
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arthropods (e.g. Crutsinger et al., 2006; Parker et al., 2010; McArt & Thaler, 2013). Such 

discordant results are perhaps not surprising given that we did not find significant variation 

among mahogany genotypes for leafhopper or leaf miner abundance (only for stem borers). We 

speculate that genotypic diversity effects on consumers were weak because of the spatial scale of 

our experiment (Bommarco & Banks, 2003) and how scale relates to the magnitude of plant trait 

variation. In particular, the magnitude of plant trait variation needed to manifest a diversity effect 

must increase with increasing spatial scale (relative to herbivore movement). Because 

heterogeneity in forest systems occurs at a greater spatial scale relative to past experiments with 

herbaceous species, our design may straddle this threshold such that the effects of tree species 

diversity were strong enough to matter at the studied scale whereas genotypic diversity effects 

were not.  

Mahogany genotypic diversity effects may have also been weak because our study was 

conducted prior to genotypic diversity affecting producer biomass via plant-plant interactions 

(Crutsinger et al., 2006; Cook-Patton et al., 2011). This could be a particularly important factor 

in early successional forests dominated by widely-spaced tree saplings (Schuldt et al., 2011), 

where the effects of habitat heterogeneity on herbivores and predators take longer to emerge 

relative to systems dominated by herbaceous plants (e.g. Siemann, 1998; Haddad et al., 2009). 

At the same time, however, herbivore effects during initial plant developmental stages can 

strongly influence subsequent plant growth and survival, and examining plant-herbivore 

interactions early in the establishment of forest systems is important from both a basic and an 

applied (forestry) perspective. 
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Concluding remarks 

The effects of plant diversity in this study, particularly in the case of specialist herbivores, 

were likely caused by effects of habitat (plant-based) heterogeneity and not due to either positive 

effects of diversity on plant biomass or stronger top-down effects of predators. Within this 

context, our findings indicate that herbivore traits are important predictors of the effects of plant 

diversity on herbivore foraging behavior. Accordingly, we speculate that the effects of plant 

diversity on higher trophic levels may vary among systems depending on the degree of dietary 

specialization and mobility within key life stages of the dominant herbivores in each community. 

In addition, whereas plant species diversity was expected to have stronger effects on herbivores 

relative to plant genotypic diversity, comparisons of these sources of diversity might depend 

upon the spatial scale of analysis. Overall, this study shows that resource heterogeneity effects on 

consumer behaviors represent a prevalent mechanism of plant diversity effects on herbivores, 

and that our ability to predict plant diversity-herbivory relationships depends on the interaction 

between the magnitude of plant trait variation and herbivore traits. 
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Table 4.1. Effects of tree species diversity (SD) and big-leaf mahogany genotypic diversity (GD) on attack by specialists (“S”) stem-

boring caterpillar and leaf-mining caterpillars, generalist (“G”) sap-feeding herbivores (leafhoppers), and spiders. Shown are F- (with 

numerator and denominator degrees of freedom) and P-values (in parenthesis). Significant (P < 0.05) results are in bold. Plant size = 

canopy volume (measured in m
3
; see Methods).  

 

 Response variable  

Predictor Stem borers (S) Leaf miners (S) Leafhoppers (G) Spiders 

SD F1,53=0.89(0.35) F1,54=8.26(0.006) F1,54 = 0.17(0.69) F1,54 = 0.73(0.39) 

GD F1,53=0.22(0.63) F1,54=1.13(0.29) F1,54 = 0.01(0.99) F1,54 = 1.89(0.17) 

SDGD F1,53=0.15(0.69) F1,54=0.006(0.99) F1,54 = 2.58(0.11) F1,54 = 0.45(0.50) 

Time F2,105=64.61(<0.0001) -- -- -- 

TimeSD F2,105=6.08(0.003) -- -- -- 

TimeGD F2,105=0.22(0.80) -- -- -- 

TimeSDGD F2,105=1.42(0.24) -- -- -- 

Plant size F1,53=9.18(0.003) F1,54=22.17(<0.0001) F1,54 = 1.67(0.20) F1,54 = 7.84(0.007) 
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Figure 4.1. (A) Effects of big-leaf mahogany (Swietenia macrophylla) genotypic diversity and 

tree species diversity on the proportion of mahogany sapling attacked by the specialist stem-

boring caterpillar Hypsipyla grandella. Grand least-square means ± S. E. for each level of species 

diversity (i.e. mahogany monocultures and species polycultures) are shown on each side using a 

different color code to differentiate from levels of genotypic diversity (black = low species 

diversity; white = high species diversity; light grey = low genotypic diversity; dark grey = high 

genotypic diversity). Symbols are offset for purposes of visual clarity. (B) Effects of tree species 

diversity on the proportion of plants attacked by H. grandella shown separately for each of three 

surveys conducted in July, September, and October of 2012. For both panels, circles represent 

plot-level least-square means ± S.E. from a repeated measures analysis accounting for plant size. 

For panel B, the asterisk indicates significant differences (P < 0.05) between levels of species 

diversity (mahogany monocultures and species polycultures) during a particular survey date. 
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Figure 4.2. (A) Effects of tree species diversity and big-leaf mahogany (Swietenia macrophylla) 

genotypic diversity on the abundance of the specialist leaf-mining caterpillar Phyllocnistis 

meliacella attacking mahogany. (B) Effects of tree species diversity and big-leaf mahogany 

(Swietenia macrophylla) genotypic diversity on the abundance of generalist leafhoppers 

(Cicadellidae) feeding on mahogany (pooled data across three leafhopper species). Circles are 

plot-level least-square means ± S.E. from a general linear model accounting for plant size. 

Symbols are offset for purposes of visual clarity. Grand least-square means ± S. E. for each level 

of species diversity (i.e. mahogany monocultures and species polycultures) are shown on each 

side using a different color code to differentiate from levels of genotypic diversity (black = low 

species diversity; white = high species diversity; light grey = low genotypic diversity; dark grey = 

high genotypic diversity).. 
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CHAPTER 5: Effects of tree species diversity and genotypic diversity on leafminer-parasitoid 

interactions 

 

INTRODUCTION 

One grand challenge in ecology is to understand the importance of plant diversity in 

ecosystems. While much of the early work focused on manipulating plant diversity and 

measuring effects on plant competitive dynamics and resource use (Hooper, 1998; Loreau & 

Hector, 2001; Tilman et al., 2001; Potvin & Gotelli, 2008), there is increasing evidence for the 

effects of plant diversity on organisms at higher trophic levels (Johnson et al., 2006; Ninkovic et 

al., 2011; Moreira et al., 2012; Moreira & Mooney, 2013; McArt & Thaler, 2013). Studies 

conducted over the past decade have shown positive effects of both plant species and within-

species genotypic diversity on arthropod species richness and abundance (e.g. Siemann, 1998; 

Koricheva et al., 2000; Crutsinger et al., 2006; Haddad et al., 2009; Scherber et al., 2010). At the 

same time, many studies have also shown that plant diversity frequently drives reduction in 

herbivore damage (Elton, 1958; Pimentel, 1961; Andow, 1991; Hambäck et al., 2000; Hillebrand 

& Cardinale, 2004; Jactel & Brockerhoff, 2007; but see Castagneyrol et al., 2012; Loranger et al., 

2014). Understanding which factors underlie this pattern is important since herbivory can 

influence plant community structure and composition, and such changes can in turn influence 

herbivores which may ultimately lead to feedbacks that control diversity across trophic levels. 

The reduction in herbivory on individual plants as producer diversity increases is 

frequently linked to reductions in the density of preferred host plants with increasing diversity 

(“Resource Concentration Hypothesis”, RCH; Leonard, 1969; Root, 1973). Because herbivores 

frequently forage in a density-dependent manner, increasing plant species diversity at a constant 

plant density fundamentally reduces the probability of finding a preferred host plant, ultimately 

leading tolower herbivore abundance and damage on individual plants (Hambäck et al., 2014; 
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Underwood et al., 2014). Alternatively, changes in plant species diversity may alter the 

environmental grain, changing the number of physical refuges or resource types available to 

organisms at higher trophic levels (Langelloto and Denno 2004). Thus, an increase in plant 

species diversity may favor an increase in the abundance and species richness of predators 

leading to stronger top-down control over herbivore abundance and thus lower damage to plants 

(“Enemies Hypothesis”; Root, 1973). While relatively good support for the EH has been shown 

in agricultural systems (reviewed by Russell, 1989; Andow, 1991; Letourneau, 1997), the 

evidence is weaker in natural, more diverse systems (Koricheva et al., 2000; Bommarco & 

Banks, 2003). This has been attributed mainly to the spatial scale of experiments relative to 

predator dispersal ability (Bommarco & Banks, 2003), as well as variation in how predator 

species or functional groups respond to resource heterogeneity (Denno et al., 2005; Hämback et 

al., 2014). For example, previous work suggests that diet breadth is an important determinant of 

variation in plant diversity effects on herbivore-enemy interactions, with generalist enemies 

responding more strongly to plant diversity than specialists because the former depend on a 

higher diversity of alternative prey found in diverse habitats (Sheehan et al., 1986).    

Comparisons of among- vs. within-species variation on higher trophic levels have been 

relatively unexplored (Cook-Patton et al., 2011) and may also condition the predictions made by 

the EH. Because trait variation is greater among plant species than among genotypes within a 

species (Albert et al., 2010), it follows that species diversity effects should generate relatively 

greater resource heterogeneity (Agrawal et al., 2006). This in turn, should lead to stronger 

bottom-up effects of plant diversity on consumer foraging (Cook-Patton et al., 2011; 

Castagneyrol et al., 2012; McArt & Thaler, 2013). Most studies addressing the EH have tested 

for species diversity and genotypic diversity effects separately. To date, only two studies have 

manipulated both types of diversity and, contrary to predictions, found that genotypic diversity 
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has equal (Cook-Patton et al., 2011) or stronger (Crawford & Rudgers, 2013) effects on 

arthropods than species diversity. Nonetheless, further work is needed to arrive to more general 

conclusions about the dual effects of plant intra- and inter-specific diversity on higher trophic 

levels. Such studies should focus on understanding how interactions at higher trophic levels are 

altered by plant diversity in order to explain broader, community-level dynamics previously, as 

well as evaluate duch effects at spatial scales relevant to the interactions being studied. 

This study was conducted within the context of a large-scale tree diversity experiment 

comparing the effects of big-leaf mahogany (Swietenia macrophylla King) genotypic diversity 

and tree species diversity on higher trophic levels. Previous work in this system found that tree 

species diversity reduced the abundance of the specialist leaf-mining caterpillar Phyllocnistis 

meliacella Becker which feeds on mahogany (Abdala-Roberts et al., in review, i.e. Chapter 4) 

(Fig. 4.2A), presumably due to effects of habitat heterogeneity (as predicted by the RCH) rather 

than due to increased abundance and predation by spiders (predicted by the EH) as this predator 

group was not influenced by plant diversity. Here we contrast those dynamics with a multiple 

year treatment of the system, specifically evaluating diversity effects on P. meliacella, in the 

context of parasitism rates and parasitoid species richness associated with this herbivore across 

levels of diversity. The contrast of predation (assessed in the previous study) and parasitism 

(assessed here) in the subtelties of the EH are significant and allow for insight into how variation 

in natural enemy traits condition the effects of diversity on herbivore-enemy interactions. 

Parasitoid species associated with P. meliacella are dietary generalists (Salvo & Valladares, 

2007; Bonet, 2008); therefore, rather than track P. meliacella abundances (which are expected to 

be higher at low diversity following the RCH), we predicted that they would recruit more 

strongly to diverse patches as these offer greater physical complexity and refuge availability, as 

well as a potentially greater variety of alternative prey. Accordingly, this would be reflected in 
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higher parasitism on P. meliacella, one of the potential hosts, at high diversity. Further, we assess 

if effects on herbivore-enemy interactions are contingent upon the source of plant diversity and 

predict that effects of species diversity will be of greater importance. 

 

MATERIALS AND METHODS 

 

Study system 

Big-leaf mahogany (S. macrophylla, Meliaceae), the target tree species and the 

component of genotype variation evaluated in this study, is a self-compatible, long-lived tree 

distributed from southern Mexico to Bolivia (Pennington & Sarhukán, 2005). The specialist 

leafminer Phyllocnistis meliacella (Lepidoptera: Gracillariidae) is a common herbivore of 

mahogany, especially in open areas or disturbed forests. Larvae produce characteristic serpentine 

galleries throughout the leaf surface, and usually one caterpillar is found per leaf (Becker, 1976). 

In addition, this herbivore usually experiences high levels of larval parasitism (≥ 50%), attributed 

mainly to generalist wasps of the genus Horismenus (Eulophidae) (Becker, 1976).  

In tropical forests of the Yucatan Peninsula, big-leaf mahogany commonly co-occurs with 

five other deciduous, long-lived tree species that were used to manipulate tree species diversity in 

this experiment (see experimental design ahead), namely: Tabebuia rosea (Bertol.) DC. 

(Bignonaceae), Ceiba pentandra (L.) Gaertn. (Malvaceae), Enterolobium cyclocarpum (Jacq.) 

Griseb. (Fabaceae), Piscidia piscipula (L.) Sarg. (Fabaceae), and Cordia dodecandra A. DC. 

(Boraginaceae).  

Study site and experimental design 

We established the experiment in December 2011 by planting four month-old seedlings at 

a site owned by INIFAP near the locality of Muna, in Yucatan, Mexico (20°24’44’’N, 

89°45’13’’W). Saplings were fertilized once in January 2012 with N, P, and K (20:30:10), and 
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drip-irrigated with 2 l of water three times per week from January 2012 until June 2012. Seeds of 

all species were collected from adult plants located in southern Quintana Roo (México) in 

January 2011 and March 2011. With respect to mahogany, distance among mother trees ranged 

from 3 to 50 km and we refer to these maternal seed sources broadly as “genotypes” represented 

by a mixture of full- and half-sibs, albeit likely dominated by half-sibs given that this species is 

highly outcrossing (Loveless & Gullison, 2003; Lemes et al., 2007). Past work has shown that 

these mahogany genotypes vary substantially in growth-related traits, herbivore resistance, and 

chemical defenses (Abdala-Roberts et al., in review [Chapter 4]; Moreira et al., 2014).  

The experiment consisted of 74 plots of 21×21 m each at a planting density of 64 plants 

per plot, 3-m spacing among trees, for a total of 4780 plants. Isles between plots were 6 m wide, 

and the experiment covered 7.2 ha. Mahogany was the most abundant species in the experiment 

(N = 2480 plants; other species ranged from 432 to 480 plants), and was planted in 59 out of the 

74 plots. To test for species diversity effects, we established plots of two types: species 

monocultures (two plots per species, except for mahogany for which a larger number of 

monocultures were established to test for genotypic diversity effects; see ahead) and polycultures 

of four species. Of these plots, 59 had mahogany in them, and were classified as: a) mahogany 

monocultures of a single genotype (12 plots, two replicate plots/genotype), b) mahogany 

monocultures of four genotypes (20 plots), c) species polycultures within which all mahogany 

saplings planted were of one genotype (12 plots, two plots/genotype), and d) species polycultures 

within which mahogany plants were represented by four genotypes (15 plots) (see Appendix B). 

Treatments of both species and genotypic diversity included equal numbers of individuals of four 

species or mahogany genotypes drawn randomly from pools of six species or genotypes. For this 

study, we sampled 32 of these 59 plots allocated in the following manner: mahogany 

monocultures of a single genotype (hereafter “monogenotype” plots, N = 10), mahogany 
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monocultures of four genotypes (hereafter “polygenotype” plots, N = 11), and species 

polycultures with one mahogany monoculture (hereafter “species polyculture” plots, N = 11). 

Species polycultures with four mahogany genotypes were not sampled.  

All non-mahogany species were equally represented across species polyculture plots (each 

species present in six plots). Similarly, mahogany genotypes were represented in a similar 

number of mahogany monoculture plots of four genotypes (8-9 plots per genotype), and also in a 

similar number of species polyculture plots where mahogany plants were of four genotypes (9-10 

plots per genotype). Plots of each diversity treatment combination were randomly interspersed 

throughout the experimental landscape. We did not find effects of mahogany genotypic or tree 

species diversity on mahogany growth (Appendix G), indicating that diversity effects on 

herbivore-enemy interactions would likely not be due to greater plant biomass (because of 

stronger plant resource partitioning or facilitation) but rather due to plant-based habitat 

heterogeneity. 

Leafminer sampling and parasitoid rearing 

In early August 2013, we surveyed leafminer abundance by counting the number of active 

leafmines in six randomly chosen mahogany plants per plot. Mines exhibited the characteristic 

morphology of feeding by P. meliacella (Becker, 1976), and caterpillars were reared to adults and 

identified following Forbes (1923) and Becker (1976). At the time of leafminer sampling, mean 

height (± S.E.) of mahogany saplings was 3.68 ± 0.04 m. To estimate parasitism, in October 2013 

we collected all young leaves with mines per plant (subset of the above, depending on leafminer 

availability) where the leafminer had pupated (118 leaves, 1 to 5 leaves collected per plant; n = 

66 plants). This procedure was aimed at allowing the maximum amount of time for parasitism to 

occur and thus avoid underestimating parasitism. Pupae are easily identified because the 

caterpillar rolls the edge of the leaf blade before pupating.  
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Collected leaves were placed in paper bags and transported to the laboratory in a cooler at 

20°C. We placed leaves in 0.5-l plastic containers with moistened cotton and recorded moth and 

parasitoid emergence every two days throughout a two-week period (mid to late October 2013). 

Parasitoid specimens were identified up to the species or genus level following keys for Nearctic 

(Schauff et al., 1997) and Neotropical Eulophidae (Hansson, 2014). The material was compared 

to specimens from the United States Museum of Natural History and the Texas A & M 

University Insect Collection. 

Statistical analyses 

Diversity effects on leafminer abundance. We separately tested for mahogany genotypic 

diversity and tree species diversity effects on leafminer abundance using general linear models 

conducted with PROC GLM in SAS 9.2 (SAS Institute 2008, Cary NC). The genotypic diversity 

model tested for a difference between monogenotypes and polygenotypes, whereas the species 

diversity model tested for a difference between monogenotypes and species polycultures 

(Moreira et al., 2014). Each model included genotypic or species diversity as main effect (fixed), 

as well as plant height as a covariate to account for residual variation due to differences in plant 

size influencing herbivore recruitment (Moreira et al., 2014).  

Diversity effects on parasitism and species richness. We tested for mahogany genotypic 

diversity and tree species diversity effects on the proportion of parasitized leafminers (# of 

parasitoids emerged / [# of parasitoids emerged + # moths merged]) and the number of parasitoid 

species per plot using general linear models in PROC GLM. As above, for each response we 

conducted two models, one testing for genotypic diversity and another for species diversity 

effects (Moreira et al., 2014). The abundances of each parasitoid species were too low to perform 

separate analyses for each species, thus we calculated proportions by pooling abundances across 
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species. Models for parasitoid species richness included the number of parasitoid specimens 

recorded as a covariate to account for differences in sampling effort.  

General considerations 

All models were based upon plot-level means calculated by averaging values across plants 

sampled within each plot. Results did not change qualitatively by conducting analyses at the plant 

level and including plot as a random effect (results not shown), therefore we only present results 

from plot-level analyses. The leafminer abundance and parasitoid species richness models were 

based upon a normal distribution (identity as link function), as normality was met following 

previous verification of residuals and Kolmogorov-Smirnov tests. Parasitoid species number was 

log-transformed to achieve normality. In addition, the parasitism model was based upon a 

binomial distribution (logit link function), as the data were not normally distributed and a 

binomial distribution provided an adequate fit. Except stated otherwise, we provide least-square 

means (back-transformed for parasitism and parasitoid species number) and standard errors as 

descriptive statistics. Finally, we performed a posteriori tests using PROC POWER in SAS to 

determine the probability of a 50% effect size going undetected (Type II error), using observed 

sample sizes and variances.   

 

RESULTS 

 

Diversity effects on leafminer abundance 

We found no significant effects of either genotypic diversity or species diversity on 

leafminer abundance, as plot means for herbivore density did not differ among treatments 

(monogenotype: 6.57 ± 1.01 mines; polygenotype: 5.50 ± 0.67 mines; polyculture: 6.95 ± 0.92 

mines) (Table 5.1; Fig. 5.1A). 
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Diversity effects on parasitoids  

Parasitoid attack 

We found that 56% of the caterpillars were parasitized, for a total of 59 parasitoid 

specimens representing four taxa (three identified to the species level and one to morphological 

species within genus). The most abundant species emerging from P. meliacella was Horismenus 

brachycaulis Hansson 2004, followed by Cirrospilus sp. Westwood 1832, H. sardus (Walker, 

1847), and lastly Elasmus punctatus Howard 1894 (Table 5.2). Contrary to expectations, we 

found no significant effects of either genotypic diversity or tree species diversity on the percent 

of parasitized leafminers (monogenotype: 53.97 ± 9.54%; polygenotypes: 45.61 ± 11.46%; 

polyculture: 54.55 ± 8.81%) (Table 5.1; Fig. 5.1B).  

Parasitoid species richness  

We found no significant effect of either genotypic diversity or species diversity on the 

number of parasitoid species per plot (monogenotype: 1.40 ± 0.11 species; polygenotype: 1.60 ± 

0.14 species; polyculture: 1.44 ± 0.14 species) (Table 5.1; Fig. 5.1C). 

Power to detect biologically meaningful effect sizes 

The probability of failing to detect a 50% effect size was relatively low for most of our 

tests of diversity effects (leaf miner abundance: genotypic diversity = 0.14, species diversity = 

0.21; parasitism: genotypic diversity = 0.41, species diversity = 0.26; parasitoid species richness: 

genotypic diversity = 0.13, species diversity = 0.21). Based on this, the previously described non-

significant effects of diversity on parasitism and parasitoid species richness were presumably not 

due to increased Type II error, but rather due to minimal differences between high and low 

diversity. Accordingly, had larger, biologically meaningful effects occurred, the probability of 

detecting such effect sizes would have been moderate to high. 
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DISCUSSION  

Our results indicated that neither tree species diversity nor mahogany genotypic diversity 

influenced the level of parasitism or parasitoid species richness associated with the specialist 

leafminer P. meliacella. Similarly, previous work in this system found no effect of tree species or 

mahogany genotypic diversity on spiders (Abdala-Roberts et al., in review). Taken together, 

results from previous work and the present study lead us to reject the EH, where we would have 

expected greater predator and parasitoid abundance, species richness, and/or attack at high plant 

diversity (Root, 1973; Russell, 1989). In addition, contrary to previous findings in this system 

showing a negative effect of tree species diversity on this herbivore (Abdala-Roberts et al., in 

review), we found no effect of tree species (or genotypic) diversity on leafminer abundance, 

which suggests that the mechanisms of tree species diversity effects on the leafminer previously 

proposed to be at work (i.e. habitat heterogeneity, as predicted by the RCH) were unimportant in 

this study.  

There is widespread evidence for plant species diversity effects on the third trophic level 

(reviewed by Andow, 1991; Jactel & Brockerhoff, 2007), and parallel evidence for effects of 

plant genotypic diversity is also mounting (Crutsinger et al., 2006; Ninkovic et al., 2011; Moreira 

& Mooney, 2013). Both groups of studies have generally found positive effects of plant diversity 

on predator abundance and diversity presumably driven by an increase in the number of physical 

refuges or resource types available to natural enemies as predicted by the EH (Siemann, 1998; 

Crutsinger et al., 2006; Haddad et al., 2009; Moreira & Mooney, 2013), and a few recent studies 

have also documented changes in plant-herbivore and herbivore-predator interactions (Moreira et 

al., 2012; Ninkovic et al., 2011; Abdala-Roberts & Mooney, 2014 [i.e. Chapter 3]). In our study, 

however, despite observing high levels of parasitism for P. meliacella (> 50%) there were no 

effects of plant diversity on parasitoid species richness or level of parasitism.  
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Several past studies have similarly failed to demonstrate effects of plant diversity on 

natural enemies, including parasitoids (Koricheva et al., 2000) and spiders (Schuldt et al., 2011). 

Such inconsistent support for the EH has been attributed mainly to the spatial scale of 

experiments in relation to predator mobility (Bommarco & Banks, 2003), differences in how 

predator functional groups respond to habitat complexity (Denno et al., 2005), as well as dietary 

specialization (Sheehan et al., 1986). With respect to diet breadth, previous work holds that 

generalist enemies should be more sensitive to plant diversity than specialist enemies and recruit 

more to high diversity since they depend on a higher diversity of alternative prey present in 

diverse habitats (Sheehan et al., 1986). However, parasitoids of P. meliacella recorded in our 

study are generalists feeding on Lepidoptera, Coleoptera, Diptera, and Hymenoptera (e.g. 

Horismenus spp.; Schauff et al., 1997; Bonet, 2008), and did not exhibit higher recruitment to P. 

meliacella -one of the potential hosts- in diverse plots. Instead, it is possible that parasitoids fed 

upon several host species (in addition to P. meliacella) which responded differently to plant 

diversity, thus cancelling out an overall direction in the response of parasitoids to diversity. 

Interestingly, H. brachycaulis and E. punctatus can also act as hyperparasitoids of Hymenoptera 

(Coote et al., 1997; Hansson, 2014) and this could have introduced further variation or interfered 

with responses of primary parasitoids to diversity. In addition, we cannot rule out the possibility 

that plant diversity effects on parasitoids were absent because of the short time since the 

establishment of the experiment. This could be especially the case for early successional forests 

dominated by widely-spaced tree saplings (Schuldt et al., 2011), where the effects of habitat 

heterogeneity on predators take longer to emerge relative to systems dominated by herbaceous 

plants (e.g. Siemann et al., 1998; Haddad et al., 2009).  

Although this study is unsupportive of the EH, we provide one of the few direct 

comparisons of plant genotypic and species diversity effects on associated faunas, and uniquely 
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do so for the third trophic level. Our findings reject the prediction that greater trait variation 

underlying plant species diversity results in stronger effects on consumers, as neither source of 

diversity had effects on higher trophic levels. To date, only two studies have compared plant 

genotypic and species diversity effects on consumers and found, contrary to predictions, that 

effects of genotypic diversity are of similar (Cook-Patton et al., 2011) or greater (Crawford & 

Rudgers, 2013) importance than those of species diversity in structuring arthropod communities. 

However, only Cook-Patton et al. (2011) compared genotypic and species diversity effects on the 

third trophic level and found (as predicted) stronger effects of species diversity. Clearly, further 

work is necessary to better understand the relative importance and mechanisms by which plant 

intra- and inter-specific shapes interactions between species at higher trophic levels. In doing so, 

we will achieve a better understanding of how the magnitude of plant trait variation influences 

associated faunas and the potential for feedbacks between plant diversity and the third trophic 

level. 
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Table 5.1. Results from general linear models testing for the effects of big-leaf mahogany 

(Swietenia macrophylla) genotype diversity (GD) and tree species diversity (SD) on the number 

of leaf mines caused by the specialist caterpillar Phyllocnistis meliacella, the proportion of 

parasitized leafminer caterpillars (parasitism), and the number of parasitoid species attacking the 

leafminer. For each response variable, statistics are presented for each source of diversity, namely 

F-values, numerator and denominator degrees of freedom, and P-values (in parenthesis). 

Leafminer abundance models include plant height as a covariate to account for residual variation 

in plant biomass influencing leafminer abundance, whereas the model for parasitoid species 

number includes the number of parasitoids specimens recorded per plot to account for differences 

in abundance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Response 

Source Leafminer # 

##abundance 

Parasitism Parasitoid species # 

richness 
GD F1,16=0.86(0.368) F1,19=0.25(0.625) F1,11=1.20(0.297) 

Plant height F1,16=1.47(0.241) -- -- 

Parasitoid number -- -- F1,11=21.40(0.007) 

SD F1,17=0.22(0.644) F1,20= 0.09(0.773) F1,11=0.03(0.874) 

Plant height F1,17=1.13(0.304) -- -- 

Parasitoid number -- -- F1,11=19.09(0.001) 
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Table 5.2. Taxonomic information and abundances of the parasitoid species recorded for 

Phyllocnistis meliacella leaf-mining caterpillars, a specialist herbivore feeding on big-leaf 

mahogany (Swietenia macrophylla) in a forest diversity experiment in southern Mexico 

(Yucatan). Of the 59 parasitoid specimens recorded, 52 were identified up to the genus or species 

level. Of the remaining specimens, four were identified as Horismenus sp. but not identified to 

the species level as specimens were fragmented. The remaining three specimens were not 

identified because they were in the pupal stage. H = also reported as hyperparasitoid (Coote 

1997; Hansson 2014). 

 

 

Parasitoid species Family # Individuals % of sample 

Horismenus brachycaulis 

(H) 

Eulophidae 22 37.3 

Cirrospilus sp. Eulophidae 14 23.7 

Horismenus sardus Eulophidae 13 22.1 

Horismenus sp. Eulophidae 4 6.8 

Elasmus punctatus (H) Elasmidae 3 5.1 

Unknown -- 3 5.0 
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Figure 5.1. Effects of big-leaf mahogany (Swietenia macrophylla) genotypic diversity and tree 

species diversity on the number of leaf mines caused by the specialist caterpillar Phyllocnistis 

meliacella (A), on the proportion of parasitized P. meliacella caterpillars (B), and on the number 

of parasitoid species attacking P. meliacella (C) in a tree diversity experiment in southern Mexico 

(Yucatan). Bars are least square means (± S.E.) from general linear models. We performed two 

models to test separately for effects of each source of plant diversity: one compared 

monogenotypes vs. polygenotypes (test of genotypic diversity), and another compared 

monogenotypes vs. polycultures (test of species diversity), see statistical analyses. 
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Appendix A. Results from statistical models testing for changes in selection on Ruellia nudiflora 

fruit number across trophic scenarios and levels of plant genotype diversity. Trophic scenarios 

correspond to: “mono-trophic” selection on fruit number assuming no seed predator or parasitoid 

effects on seed output; “bi-trophic” selection accounts for seed predation but not seed rescue by 

parasitoids; and “tri-trophic” selection accounts for both seed predator and parasitoid effects on 

plant fitness.  Results presented are based upon two models, one testing for main effects as well 

as fruit number × diversity and fruit number × trophic scenario interactions (the latter two test for 

changes in directional selection between factor levels), and a second model building from the first 

and including fruit number
2
 × diversity and fruit number

2
 × trophic scenario interactions (which 

test for changes in non-linear selection gradients between factor levels). For the second model, 

we only report results for two-way interactions including the quadratic term. Three-way 

interactions were not significant, and thus not included. Significant effects (P < 0.05) are in bold. 

 

Source DF F P 

Diversity 1,63 0.01 0.91 

Trophic scenario 2,63 1.25 0.29 

Fruit number 1,63 475.25 < 0.0001 

Fruit number × diversity 1,63 10.68 0.001 

Fruit number × trophic scenario 2.63 1.38 0.25 

 

Fruit number
2
 × diversity

†
 

 

1,59 

 

9.22 
 

0.003 

Fruit number
2
 × trophic scenario

†
 2,59 0.32 0.72 

 
†
Results from a second model including the quadratic term for fruit number (in addition to linear 

term, main effects and interactions). 
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Appendix B. Design of the forest diversity experiment testing for the effects of tree species 

diversity and big-leaf mahogany (Swietenia macrophylla) genotype diversity on specialist and 

generalist insect herbivores associated to mahogany. The diagram represents a portion of the 

entire experiment as only plots where mahogany was present were sampled (59 out of 74 plots). 

Levels of mahogany genotype diversity (one and four genotypes) were replicated across both 

levels of tree species diversity (one and four species) to test if intra-specific diversity effects were 

contingent upon the level of plant inter-specific diversity. Plots of each treatment combination 

were randomly interspersed throughout the experimental landscape. 
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Appendix C. General linear models testing for mahogany (Swietenia macrophylla) genotypic 

variation in vegetative traits (height, number of branches [both measured in June 2012], canopy 

volume [October 2012]), and in resistance to H. grandella stem borers (mean number of new 

attack sites per plant throughout the rainy season), P. melliacella leaf miners (number of leaves 

with mines per plant at the end of the rainy season, October 2012), and leafhoppers (cumulative 

number of per plant throughout the season). Models performed separately for each leafhopper 

species yielded qualitatively similar results (both in terms of overall main effects and in terms of 

variation across sampling dates; results not shown). Thus we report results based on specimens 

pooled across leafhopper species. All models were performed with PROC MIXED in SAS ver. 

9.2 and based upon monoculture plots of mahogany of one genotype using plant as unit of 

replication and including plot as a random effect.  Data were log-transformed to achieve 

normality of residuals. Shown are F- (with numerator and denominator degrees of freedom), P-

values (in parenthesis), and magnitude of variation between the two most extreme genotypes. 

Significant effects are in bold. 

 

 

Response X-fold variation Statistic for genotype effect 

Plant height 1.3 F5,731 = 4.41 (P = 0.0006) 

Number of branches 1.3 F5,731 = 5.61 (P < 0.0001) 

Canopy volume 2.6 F5,171 = 2.73 (P = 0.02) 

Stem borer attack 3.8 F5,756 = 2.58 (P = 0.02) 

Leafminer attack 1.7 F5,184 = 0.36 (P = 0.87) 

Leafhopper abundance 3.1 F5,173 = 1.65 (P = 0.15) 
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Appendix D. Summary of results from a general linear model testing for the independent and 

combined effects of tree species diversity (SD) and big-leaf mahogany (Swietenia macrophylla) 

genotypic diversity (GD) on plot-level mean canopy size for mahogany plants at the start (June 

2012: N = 2480) and end (October 2012: N = 944) of the rainy season. Plant size was estimated 

as the product of canopy height, width, and length, used as a proxy of canopy volume (m
3
). The 

test of effects on initial canopy size was performed to corroborate that there were no initial 

differences in plant size among treatments, whereas the test for final canopy size evaluated the 

effects of diversity on plant growth after the first growing season. 

 

 

 Response variable 

Predictor Initial plant size Final plant size 

SD F1,54=1.01(0.32) F1,55=1.22(0.28) 

GD F1,54=0.07(0.72) F1,55=0.04(0.84) 

SDGD F1,54=1.60(0.21) F1,55=0.95(0.34) 
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Appendix E. Mean number (± S.E.) of individuals per plant of the leafhopper Oncometopia sp. 

for each tree species planted in a forest diversity experiment in southern Mexico. This herbivore 

was the most abundant leafhopper on big-leaf mahogany (Swietenia macrophylla) during the 

sampling season (M. Campos-Navarrete unpublished). Data are abundances from plants found 

exclusively in tree species polyculture plots. The number of sampled plants per species ranged 

from 42 to 84, and the number of plots in which each species was sampled ranged from 5 to 12 

depending on the species. 

 

 

Tree species Leafhopper abundance 

Swietenia macrophylla 0.172 ± 0.087 

Cordia dodecandra 0.071 ± 0.048 

Enterolobium cyclocarpum 0.067 ± 0.044 

Tabebuia rosea 0.017 ± 0.017 

Piscidia piscipula 0.011 ± 0.010 

Ceiba pentandra 0 
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Appendix F. Summary of results from general linear models testing for the independent and 

combined effects of tree species diversity (SD) and mahogany (Swietenia macrophylla) genotypic 

diversity (GD) on the abundance of three species of generalist leafhoppers (Cicadellidae) feeding 

on mahogany (in each case using plot-level means from averaging values across plants within 

each plot). DF = numerator, denominator degrees of freedom. Significant (P < 0.05) results are in 

bold, and marginal results (0.05 < P < 0.10) are in italics. Plant size = canopy volume (see 

Methods section).  

 

 

Predictor 
Response variable (leafhopper abundance) 

Oncometopia sp. H. hambletoni P. atra 

SD F1,54=0.80(0.38) F1,54=0.03(0.86) F1,54=0.21(0.65) 

GD F1,54=0.01(0.92) F1,54=1.91(0.17) F1,54=1.00(0.32) 

SDGD F1,54=1.69(0.20) F1,54=0.54(0.47) F1,54=0.01(0.97) 

Plant size F1,54=2.76(0.10) F1,54=3.41(0.07) F1,54=8.60(0.005) 
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Appendix G. Results from general linear models testing for the effects of tree species diversity 

and big-leaf mahogany (Swietenia macrophylla) genotypic diversity on mahogany height 

measured in 2013. We conducted two models using plot-level means, first testing for differences 

between monogenotype plots and polygenotype plots (test of genotypic diversity), and second 

testing for differences between monogenotype plots and species polyculture plots (test of species 

diversity). We randomly selected six plants per plot from the 59 plots where mahogany was 

planted (n = 192 plants).  

 

Source Effect on plant height 

Genotypic diversity F1,17 = 0.38, P = 0.55 

Species diversity F1,18 = 0.64, P = 0.43 

 

 

 




