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Abstract of Dissertation

Bottom-Up Effects of Habitat, Host Plant and Herbivore Quality on Parasitoid Host
Use

Bottom-up (resource mediated) effects have been shown to strongly influence
higher trophic levels, with the potential to drive trophic cascades. Parasitoids, or insects
that must complete larval development within or on the body of another arthropod host,
are important members of the third trophic level. Parasitoids inflict substantial mortality
on herbivores in both natural and agricultural systems and have been extensively studied
in theoretical ecology. However, few studies have taken an empirical approach to
understanding the bottom-up factors that mediate host use by both parasitoid wasps and
flies in the field. The objective of this dissertation was to determine how forest light
environment, intra- and interspecific host plant quality, host caterpillar size and host
caterpillar nutritional quality affect parasitoid host use. My study system included several
species of ‘slug’ caterpillars (Limacodidae), their shared host plant species, and the
community of wasp and fly parasitoids that attacks these caterpillars.

| found that parasitoids primarily partition their shared hosts based on size, but not
by host species or phenology. In general, wasps were reared from caterpillars collected in
early instars, while flies were reared from caterpillars collected in late instars.
Furthermore, for at least one species of solitary wasp, Triraphis discoideus (Braconidae),
host size influenced sex allocation of offspring by ovipositing females. Host plant species
of differing quality indirectly affected the size attained by the tachinid fly parasitoid,
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Austrophorocera sp., through its direct effects on the size and performance of the
caterpillar host. The host plant species that resulted in the highest caterpillar host
performance in the absence of enemies also yielded the largest parasitoid flies, which
suggests that host plant quality can cascade up to influence the third trophic level.

In a field experiment that manipulated leaf phenotype (sun or shade white oak
leaves) and forest light environment (sunny light gaps or shaded forest understory
microhabitats) in a two-way factorial design, | found that light environment strongly
affected the likelihood of parasitism, while the effects of leaf phenotype were more
subtle. Euclea delphinii larvae were 4.6 - 11.5 times more likely to be parasitized in
sunny light gap habitats than in shaded understory habitats. This pattern was consistent
for both tachinid fly and wasp parasitoids across two separate experiments. The
performance of two species of caterpillars (E. delphinii and Acharia stimulea) was
maximized in the shade habitat + sun leaf treatment, a habitat/leaf type combination that
occurs infrequently in nature. These results suggest that 1) the direct effects of light
environment on the incidence of parasitism supersede any indirect effects resulting from
altered leaf quality and 2) an inherent ecological tradeoff exists for herbivores choosing
between sunny (high leaf quality, physiologically harsh environment, high parasitism
risk) and shaded (reduced leaf quality, less harsh environment, reduced parasitism risk)
habitats.

I conclude that bottom-up factors, especially host caterpillar size and forest light

environment, strongly affect parasitoid host use, and that wasp and fly parasitoid guilds
X



may be under selection to partition hosts based on these factors.
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GENERAL INTRODUCTION

Understanding the mechanisms underlying interspecific interactions is a pivotal
goal in ecology. Traditionally, the predominance of bottom-up (resource-mediated)
versus top-down (enemy-mediated) forces in structuring communities has been highly
contested, a debate crystallized by the seminal works of Hairston et al. (1960), Murdoch
(1966) and Ehrlich & Birch (1967). The “green world” (or HSS) hypothesis states that
top-down forces exert cascading effects on communities, with food-limited predators
suppressing herbivore populations to the extent that herbivory levels on plants are minor
(Hairston et al. 1960). Others have argued that plant defenses make much of the plant
material in nature unavailable to herbivores, such that herbivore densities are regulated
not by predators but by the limited availability of edible plant matter (Murdoch 1966;
Ehrlich & Birch 1967). However, ecologists now widely recognize the importance of
both top-down and bottom-up forces in influencing species interactions and community
structure (Hunter & Price 1992; Denno et al. 2003).

The relative strength of top-down and bottom-up forces within a community often
varies depending on the abiotic and biotic characteristics of the environment (Denno et
al. 2002; Chase et al. 2010) and in space and time (Gripenberg & Roslin 2007). High
primary productivity is predicted to release herbivores from bottom-up control, leading to
higher herbivore densities and strengthening top-down trophic cascades (Oksanen et al.
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1981; Leibold 1989; Polis 1999). In contrast, top-down forces are predicted to attenuate
in highly diverse, reticulate food webs (Polis 1999; Borer et al. 2005). Bottom-up forces
are thought to determine the productivity of an ecosystem and the allocation of biomass
among trophic levels, whereas top-down forces regulate the dynamics of the system
(Gutierrez et al. 1994). Increasingly, empirical studies are being designed to explicitly
examine the interaction between top-down and bottom-up forces in communities (e.g.,
Gruner 2004; Mooney et al. 2010).

Most recently, the focus has shifted to understanding the complexity inherent to
food webs by viewing them as components of larger interaction networks (Tylianakis et
al. 2007; Ings et al. 2009). Significant progress has been made through the incorporation
of below-ground interactions with microbes, mycorrhizae, nematodes, and root-feeding
herbivores, and by exploring how other interactions, such as mutualisms with pollinators
and symbionts, shape trophic interactions (Oliver et al. 2003; Cahill et al. 2008; Dunham
2008; Ings & Chittka 2009; Ali et al. 2011; van Dam & Heil 2011). Further, the roles of
genetic variation, and individual and species-level variation in phenotypic plasticity,
immune responses, and behavior in affecting the outcome of species interactions, with
implications for community structure and diversity, have garnered increased attention
(Lass & Spaak 2003; van der Stap et al. 2007; Karimzadeh & Wright 2008; Schmitz
2008; Whitham et al. 2008; Henry et al. 2010; Schwanz et al. 2012).

Herbivorous insect-based food webs and networks continue to play a central role

in the development and testing of theory in trophic ecology (Murphy 2004; Cornelissen
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& Stiling 2006; Harvey et al. 2010; Mooney et al. 2012; Singer et al. 2012). Herbivorous
insect food webs are ideal systems in which to test this body of theory given insects’
intimate relationship with their host plants, and the diversity of their natural enemies,
including pathogens such as viruses, parasitoids, and predators such as ants, predatory
wasps, spiders, and birds (van Veen et al. 2006; Asgari & Johnson 2010). In particular,
parasitoids are important natural enemies in most insect food webs, often influencing the
population dynamics of herbivores (reviewed in Godfray 1994).

Parasitoids are insects (usually wasps or flies) that must complete their larval
development either within or on the body of another arthropod host (Godfray 1994).
Parasitoid communities are among the most diverse animal communities known, with
assemblages of over 10 parasitoid species per host commonly recorded (Hawkins &
Goeden 1984; Stork 1987; Mills 1993). Unlike true parasites, parasitoid development
ultimately results in the host’s death. Because parasitoid larvae must derive the entirety of
their nutrition from a single host which they will be associated with throughout their
development, foraging parasitoid females should be selected to choose hosts for their
offspring carefully.

Understanding the ecological factors that mediate host use by insect parasitoids is
an important area of research in ecology and in biological control of pest insects.
Parasitoid host use is influenced by abiotic and biotic factors comprising both bottom-up
and top-down forces. Bottom-up biotic factors that may affect parasitoid host use include

herbivore host feeding niche, host diet breadth, the density of hosts in a habitat patch,
3



host defenses, and host quality, which in turn may be mediated by the host plant quality
and habitat of the herbivore host (Lessells 1985; Hochberg & Hawkins 1992; Hawkins et
al. 1997; Lill et al. 2002; Stireman & Singer 2003). Abiotic factors likely to influence
parasitoid foraging behavior include sunlight intensity, temperature, humidity level, and
wind, while biotic forces include horizontal and top-down forces such as competition
with other parasitoids via the risk of super or multiparasitism, i.e., the risk of locating a
potential host that has previously been parasitized, and the risk of hyperparasitism or
predation (Vinson 1976).

This dissertation focuses on bottom-up forces that influence parasitoid host use
including inter- and intraspecific host plant quality, forest light environment, and host
caterpillar size, performance and nutritional quality. My goal was to dissect the relative
importance of these factors in determining the outcome of host-parasitoid interactions
and in influencing parasitoid performance using one family of forest moth caterpillars,

Limacodidae, and their parasitoid complex as a study system.

Chapter summaries

Chapter 1:
The goal of this study was to understand how the limacodid parasitoid community
partitions its shared host resources, given that the common fly and wasp primary

parasitoids in this system are restricted to hosts within the Limacodidae. | tested three
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main hypotheses: 1) The parasitoid community partitions limacodid caterpillar hosts
based on host size, and not based on phenology or host species; 2) Caterpillar host size
affects the allocation of offspring sexes to hosts by female parasitoid wasps; and 3)
Interspecific host plant quality would affect tachinid fly performance as these parasitoids
have extended host association periods. | found that the parasitoid community partitioned
host resources primarily based on host caterpillar size or developmental stage. | also
found evidence that at least one wasp parasitoid differentially allocated male and female
offspring to hosts based on host size. Host plant quality indirectly affected the body size
attained by a tachinid fly parasitoid through its direct effects on the size and performance
of the caterpillar host. The host plants that resulted in the highest caterpillar host
performance in the absence of enemies also yielded the largest parasitoid flies, which

suggests that host plant quality can cascade up to influence the third trophic level.

Chapter 2:

The objective of this study was to isolate the direct (via habitat) and indirect
effects (via plant quality) of sunlight on the herbivore community. | tested the effects of
forest light environment (sunny light gap v. shaded forest understory) and leaf phenotype
(sun v. shade white oak leaves) on insect herbivore density, arthropod predator density,
and herbivory at the community level. | found that late-season herbivory of white oak
saplings was strongly affected by forest light environment, but not by leaf phenotype.

Herbivory was almost two times greater for saplings placed in the shaded understory than
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in the sunny light gaps, despite greater mid-season herbivore density on sun leaf saplings
relative to shade leaf saplings. Arthropod predator density did not differ among the four
treatment combinations. Taken together, these results suggest that both leaf phenotype
and forest habitat, two factors frequently confounded in nature, have significant but

distinct effects on leaf quality and herbivory.

Chapter 3:

Using the same white oak saplings and experimental design as in Chapter 2, the
objective of this study was to isolate the direct (via habitat) and indirect effects (via plant
quality) of sunlight on herbivore performance and their incidence of parasitism. | showed
that the performance of two limacodid caterpillar species, Euclea delphinii and Acharia
stimulea, was affected by both forest light environment and leaf phenotype, while
parasitism was strongly affected by forest light environment, irrespective of the leaf
phenotype consumed by the host caterpillars. Euclea delphinii larvae were 4.6 - 11.5
times more likely to be parasitized in sunny light gap habitats than in shaded understory
habitats. This pattern was consistent for both tachinid fly and wasp parasitoids across two
separate experiments. Overall, our results suggest that 1) the direct effects of light
environment on the incidence of parasitism supersede any indirect effects resulting from
altered leaf quality and 2) an inherent ecological tradeoff exists for herbivores choosing
between sunny (high leaf quality high, harsh environment, high parasitism) and shaded

(leaf quality low, less harsh environment, reduced parasitism) habitats. These results
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suggest that herbivores in high light environments, such as on edges or in open habitats,

may face high parasitism with important implications for habitat fragmentation.

Chapter 4:

Finally, my fourth chapter extended two classic hypotheses which predict the
response of herbivores to plant quality, the plant stress and the plant vigor hypotheses, to
the next trophic level. | tested how plant nutritional quality indirectly affects parasitoid
host choice and parasitoid performance through its effects on herbivorous hosts
(caterpillars). I manipulated the nutritional quality of potted white oak saplings using
fertilizer to address the following questions: 1) Does host plant nutritional quality cascade
up to the third trophic level? 2) Can parasitoids assess host quality directly, and if so, do
they preferentially attack “vigorous” or “stressed” hosts? I found that wasp parasitoids
preferentially parasitized smaller, earlier instar caterpillars and appeared to avoid larger
ones across three different caterpillar species. This result suggests that parasitoids
discriminate among hosts. However, neither caterpillar host performance nor parasitism
differed across sapling fertilization treatments, suggesting that other ecological factors

may outweigh intraspecific variation in host plant quality.
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CHAPTER 1: CASCADING EFFECTS OF HOST SIZE AND HOST PLANT SPECIES
ON PARASITOID RESOURCE ALLOCATION*
*This chapter was published as: Stoepler, T.M., Lill, J.T. and Murphy, S.M. 2011.

Ecological Entomology 36 (6):724-735.

Abstract

1. The bottom-up factors that determine parasitoid host use are an important area of
research in insect ecology. Host size is likely to be a primary cue for foraging parasitoids
due to its potential influence on offspring development time, the risk of multiparasitism,
and host immunocompetence. Host size is mediated in part by host plant traits that
influence herbivore growth and potentially affect an herbivore’s quality as a host for
parasitoids.

2. Here, we tested how caterpillar host size and host plant species influence adult fly
parasitoid size and whether host size influences wasp parasitoid sex allocation. We
measured the hind tibia lengths and determined the sex of wasp and fly parasitoids reared
from 11 common host species of polyphagous caterpillars (Limacodidae) that were in turn
reared on foliage of 7 different host plant species.

3. We also tested how host caterpillar species, host caterpillar size, and host and parasitoid
phenology affect how the parasitoid community partitions host resources. We found
evidence that parasitoids primarily partition their shared hosts based on size, but not by
host species or phenology. One index of specialization (¢’) supports our observation that
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these parasitoids are quite generalized within the Limacodidae. In general, wasps were
reared from caterpillars collected in early instars, while flies were reared from caterpillars
collected in late instars. Furthermore, for at least one species of solitary wasp, host size
influenced sex allocation of offspring by ovipositing females.

4. Host plant quality indirectly affected the size attained by a tachinid fly parasitoid through
its direct effects on the size and performance of the caterpillar host. The host plants that
resulted in the highest caterpillar host performance in the absence of enemies also yielded
the largest parasitoid flies, which suggests that host plant quality can cascade up to

influence the third trophic level.

Key words: bottom-up, Braconidae, Eulophidae, herbivore, host choice, Limacodidae,

stage-specific parasitism, Tachinidae, tritrophic interactions

Introduction

The factors that determine host use by insect parasitoids and their implications for
parasitoid fitness are important areas of research in insect ecology and in biological control
applications (Caron et al., 2010; Henry et al., 2010). Host size, which is a proxy for the
developmental stage of the herbivorous host, is likely to be a primary cue for foraging
parasitoids due to its potential influence on offspring development time, the risk of
multiparasitism, and host immunocompetence (King, 1987; Bukovinszky et al., 2009). A

number of studies have found that host size is positively correlated with adult parasitoid
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size (e.g., Lampson et al., 1996; Fidgen et al., 2000; Teder & Tammaru, 2002, but see
Kouamé & Mackauer, 1991), and evidence for a positive relationship between parasitoid
size and fitness in a number of parasitoid groups suggests that parasitoid host choice should
be under strong selection (Godfray, 1994; Visser, 1994; Nakamura, 1995; Allen & Hunt,
2001; King & Napoleon, 2006). Larger hosts, or hosts with the potential to grow large, are
assumed to be superior to small hosts because they represent a greater resource quantity for
parasitoid development (Charnov, 1982; Charnov & Skinner, 1985). However, for
parasitoids that are able to attack a range of host sizes, the use of large hosts may result in
increased development time relative to smaller hosts (Harvey et al., 2004) or may increase
parasitoid mortality risk if excess resources cannot be consumed by larvae and they are
unable to escape the host’s integument to complete development (Harvey, 1996). In
addition, because the first parasitoid to attack a host generally outcompetes later-attacking
parasitoids in multiparasitized hosts (Hagver, 1988; Bokonon-Ganta et al., 1996), this
competitive advantage may outweigh the benefits of attacking larger hosts in some cases,
which are also less abundant in nature than smaller, early instar hosts (Price, 1972). Studies
comparing community-level responses of natural parasitoid assemblages attacking hosts of
different sizes are needed to help clarify the importance of host size for parasitoid host
selection.

Host size also has the potential to influence parasitoid sex allocation, a component of
parasitoid fitness (Charnov et al., 1981; Jones, 1982; Tillman & Cate, 1993). In parasitic

wasps, sex determination is haplodiploid: fertilized eggs become daughters (diploid) and
16



unfertilized eggs become sons (haploid; reviewed in Heimpel & de Boer, 2008). Therefore,
offspring sex is under the direct control of the ovipositing female. Sex allocation theory
predicts that a greater proportion of female eggs should be placed in large hosts while male
eggs should be preferentially placed in smaller hosts (Charnov, 1982). This theory assumes
that host size is directly related to parasitoid size and fitness, and that the fitness
consequences of developing within a small host are greater for females than for males
(Charnov, 1982).

Host plant nutritional quality (Sarfraz et al., 2009) and host plant chemistry (Gols et
al., 2008; Ode, 2006) also have the potential to affect parasitoid development and
performance through their effects on the host. Host plant traits can alter an herbivore’s
quality as a host for parasitoids by affecting herbivore growth rate and development time
(Awmack & Leather, 2002) and plant chemistry can directly affect parasitoid survival and
growth (reviewed in Ode 2006). Because many herbivorous hosts actively sequester plant
secondary compounds in their hemolymph or in other tissues (reviewed in Opitz & Miller,
2009), these compounds can be an important environmental factor for the development of
parasitoid larvae. However, there is evidence to support both positive (Gentry & Dyer,
2002) and negative (Campbell & Duffey, 1979; Barbosa et al. 1986) effects of these
sequestered compounds on parasitoid performance. Some parasitoids may also be able to
secondarily sequester allelochemicals from their hosts conferring protection against attack
by hyperparasitoids (Campbell & Duffey, 1979; Bowers, 2003; Reudler Talsma, 2007),

adding another layer of complexity to the process of parasitoid host selection.
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The duration of host-parasitoid association, or the length of time from parasitoid
oviposition to host death, is of prime importance to parasitoid oviposition decisions and for
determining the outcome of competition with other parasitoids. The duration of host
association may be influenced by host size or developmental stage at the time of attack, the
existence and timing of host and/or parasitoid diapause, and parasitoid development time
(Godfray 1994). Parasitoid development time is likely based on a combination of factors
related to the life history of the parasitoid as well as the quality of the host (Harvey et al.,
2004), as determined by both its nutritional quality and perhaps the presence/abundance of
other parasitoids feeding on the same host (Godfray 1994; Harvey 2005). For parasitoids
that arrest host feeding and growth, or those that allow their hosts to continue to grow but
have a relatively short duration of host association, the host resources at the time of adult
oviposition closely approximate those available for offspring development (Askew &
Shaw, 1986). However, for parasitoids with longer periods of host association, which
attack hosts that will subsequently continue to feed and grow significantly larger, the size
of the host at the time of attack may not be a reliable indicator of its final size at the time of
parasitoid emergence (Mackauer & Sequeira, 1993). Therefore, parasitoids that are
associated with their hosts for longer periods of time should be under selection to make use
of other cues related to their host’s growth potential (Harvey & Vet, 1997; Li & Mills,
2004).

Parasitoids with prolonged host association are contained within the host’s body as

the host continues to feed and grow on the host plant. For polyphagous or oligophagous
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herbivores, host plant association can have strong repercussions for both herbivore growth
rate and body mass (Barbosa & Greenblatt, 1979; Parry & Goyer, 2004; Singer et al., 2004;
Rajapakse & Walter, 2007). Some generalist herbivore species are polyphagous at the
population level, but individual larvae are functionally monophagous because they are
confined to the host plant that neonates first encounter through female oviposition of via
larval dispersal (e.g., ballooning) (Zalucki et al., 2002). Thus, larvae that are confined to a
single host plant individual for the course of their development would be expected to vary
in performance on different host plant species in response to the relative quality of that host
plant. With regard to parasitoids with prolonged periods of host association that use these
types of generalist herbivores as hosts, we might expect them to choose hosts based on
environmental and host plant cues that would allow them to assess future herbivore
performance (i.e., to select those hosts and hosts plants that confer the greatest growth
potential).

Although host choice is relatively well studied in the parasitic Hymenoptera, fewer
studies have examined the factors that affect host choice in tachinid flies, many of which
remain within their hosts for prolonged periods as the host continues to grow and develop
after attack (Stireman et al., 2006). In theory, this life history feature allows tachinids to
attack a wider range of host species and/or developmental stages (Harvey et al., 1994).
However, few previous studies have directly compared the host stages attacked by

parasitoids with variable life history strategies or have investigated the consequences of
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attacking different host stages on parasitoid fitness components, particularly in natural
systems (see also Kato, 1994; Lill, 1999; Lee & Pemberton, 2007).

Here, we focus on the community of fly and wasp parasitoids that specialize on one
group of polyphagous herbivores (Limacodidae, slug caterpillars) to examine how
parasitoids partition host resources and respond to variation in host quality. The objectives
of this study were to answer three main questions. 1) How does a community of parasitoids
sharing a common set of caterpillar hosts partition these resources? 2) Does host size
influence adult parasitoid size and/or sex allocation and do flies and wasps respond to host
size in the same manner? 3) For a common host caterpillar species, how does host plant
quality affect adult parasitoid size? (i.e., does host plant quality ‘cascade up’ to higher
trophic levels?). We tested whether parasitoids partitioned host caterpillars based on
caterpillar host species, host size, and host and parasitoid phenology. We hypothesized that
the community of oligophagous parasitoids that share limacodid caterpillars as hosts
partitions these resources based on size; we therefore predicted that wasps would attack
early instars (small hosts) and flies would attack late instars (large hosts). We hypothesized
that wasps, which are haplodiploid and can choose the sex of their offspring, would choose
larger hosts for their daughters than for their sons. Finally, we hypothesized that indirect
effects of host plant species would be most likely to be manifested in tachinid fly
parasitoids with extended host association periods. Specifically, we predicted that the host
plants on which caterpillars performed best would also be the ones on which the flies

performed best when reared from caterpillars feeding on these host plants.
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Methods
Study System

Caterpillars in the family Limacodidae feed externally on mature foliage June-
October in the eastern US. Many species are brightly colored (aposematic) and have both
physical and chemical defenses, including stinging spines, while others are behaviorally
and morphologically cryptic (Murphy et al., 2010). Taken together, these traits suggest that
natural enemies have played an important role in their evolution. Indeed, limacodid
caterpillars suffer high mortality by parasitoids [30 - 85% from both parasitic flies
(Tachinidae) and wasps (mainly Eulophidae, Braconidae and Ichneumonidae; Stoepler
unpublished data)]. Limacodids are among the most polyphagous caterpillars known and
individual species can feed on dozens of plant species (Wagner 2005). However, each
individual caterpillar is largely restricted to feeding on the individual host plant chosen by
its mother (Wagner, 2005), which makes this an excellent system for studying both natural
enemy and host plant effects on larvae in the field.

The entire community of parasitoids that use limacodid caterpillars as hosts in North
America has recently been circumscribed (Gates et al., 2012). All of the primary parasitoids
of limacodid caterpillars in our study system are technically classified as koinobionts
(though there are both ecto- and endoparasitoids), despite significant variation in life
history characteristics associated with each. For this study, we focus on the numerically
dominant species at our field site: Triraphis discoideus Cresson (Rogadinae: Braconidae:

Hymenoptera), Platyplectrus americana Girault (Eulophinae: Eulophidae: Hymenoptera),
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Uramya pristis Walker (Dexiinae: Tachinidae: Diptera), and Austrophorocera sp.
Townsend (Exoristinae: Tachinidae: Diptera) (hereafter all species are referred to by
genus). All four of these parasitoid species are oligophagous, specializing on larvae in the
family Limacodidae. Platyplectrus is a gregarious larval ectoparasitoid that pupates
beneath the host’s remains (Gates et al., 2012). Triraphis is a solitary larval endoparasitoid
that emerges from the mummified remains of its host (Kula et al., 2009). Uramya is a
solitary endoparasitoid and like many tachinids, Uramya females are ovolarviparous; the
eggs they lay contain first instar larvae that hatch immediately (Gates et al., 2012). Uramya
emerge from late-instar larvae and typically overwinter as pupae, emerging as adults the
following summer (Lill, pers. obs.). Finally, Austrophorocera is a larval-prepupal
endoparasitoid that overwinters inside the host prepupa and emerges just prior to host
pupation (Stoepler, pers. obs., see below), probably after the host breaks diapause, with
adults typically emerging after overwintering (Murphy et al., 2009). The taxonomic status
of Austrophorocera is currently being investigated. Adult parasitoid body length ranges,
from smallest to largest, are as follows: Platyplectrus: 1.5 — 3 mm, Triraphis: 2 — 6 mm,
Uramya: 7 — 12 mm, and Austrophorocera: 8.5 — 13 mm.

To verify the stage at which Austrophorocera kills its hosts, four host cocoons that
were attacked by Austrophorocera as larvae in summer 2010 were carefully opened on
April 8, 2011. Cocoons represented two hosts used in the current study, Euclea delphinii (n
= 3) and Lithacodes fasciola (n = 1). If Austrophorocera killed its host prior to the spring

following host parasitism, these cocoons would each contain an Austrophorocera pupa.
22



Alternatively, if Austrophorocera had not yet killed its host by this time, these cocoons
would each contain a host prepupa; this would indicate that Austrophorocera parasitoids
have periods of host association of at least six months even if they were parasitized at the
end of the summer in 2010. All four cocoons contained living host prepupae, indicating the
latter scenario holds for this species. Cocoons were monitored daily for Austrophorocera
larval and pupal development. On April 21, two of the three Euclea delphinii prepupal
hosts that survived cocoon dissection were killed when a single Austrophorocera larva
emerged from each prepupa. These tachinid larvae pupated within 1 — 3 days. The other
host, Lithacodes fasciola, remained a living prepupa for at least 4 weeks following cocoon
dissection. These observations confirm that Austrophorocera has an extended period of
host association prior to Killing its host (a minimum of six months) and does not complete
larval development until the spring following host attack.

The four species of parasitoids exhibit significant variation in life history strategies.
Both tachinid flies have prolonged host association periods and emerge from either late
instars in the case of Uramya or prepupae in the case of Austrophorocera. It appears that
Austrophorocera is highly attuned to its host’s phenology and typically emerges following
overwintering, however, one of its host species (Euclea) has a partial second generation
causing some Austrophorocera to emerge in the same year as they attack their hosts. Yet,
for both non-overwintering and overwintering Austrophorocera, the host association period
is quite prolonged. The mean number of days from host collection to host death +1 SE for

non-overwintering Austrophorocera is 50 * 2; for overwintering Austrophorocera, the host
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association period is a minimum of 180 days but the exact duration is unknown because
host death occurs inside the host cocoon. Similarly, for Uramya which emerges the same
year as it attacks the host, the duration of host association is prolonged (mean number of
days from host collection to host death +1 SE: 55 £17). In contrast, both wasps typically
emerge shortly after attack and have much shorter periods of host association (mean
number of days from host collection to host death +1 SE: Triraphis: 13 +1, Platyplectrus:

19+ 1),

Rearing

Parasitoids were reared from 11 species of host larvae in the family Limacodidae
(Lepidoptera): Acharia stimulea Clemens, Adoneta spinuloides Herrich-Schéffer, Euclea
delphinii Boisduval, Isa textula Herrich-Schaffer, Isochaetes beutenmuelleri Edwards,
Lithacodes fasciola Herrich-Schaffer, Natada nasoni Grote, Packardia geminata Packard,
Parasa chloris Moore, Phobetron pithecium J.E. Smith and Prolimacodes badia Hiibner
(hereafter all species are referred to by genus) over seven years (2004-2010) as part of our
lab’s ongoing studies on the ecology of the Limacodidae. Host larvae were a mix of wild-
caught larvae collected in the greater Washington D.C. area at Little Bennett Regional
Park, MD, Rock Creek Park, Washington, DC, Plummers Island, MD, and Patuxent
National Wildlife Refuge, MD and larvae that were reared from lab colonies and then
experimentally-exposed to parasitism at these sites (Table 1.1). The date that each larva

was collected from the field was recorded. All experimentally-exposed larvae were fed in
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the lab with excised foliage of the same host plant species on which they were placed in the
field, both prior and subsequent to exposure to parasitism. After collection, wild-caught
larvae were also reared in the lab on excised foliage from the same host plant from which
they were collected. In total, larvae were reared on leaves of seven different host plants:
Carya glabra P. Mill (pignut hickory, Juglandaceae), Fagus grandifolia Ehrh. (American
beech, Fagaceae), Nyssa sylvatica Marsh (black gum, Cornaceae), Prunus serotina Ehrh.
(black cherry, Rosaceae), Quercus alba L. (white oak, Fagaceae), Quercus prinus L.
(chestnut oak, Fagaceae), and Quercus rubra L. (northern red oak, Fagaceae) (hereafter all
plant species are referred to by their common names). All host larvae were brought back to
the lab, their body lengths measured with calipers to the nearest 0.1 mm, and were reared
individually in clear plastic deli containers with moistened filter paper discs and fresh
leaves provided as needed. The body length of each larva at the time of collection (longest
body axis) was used as a proxy for body mass and developmental stage. Instar cannot be
reliably determined for limacodids, which can have a variable number of instars (6 — 13)
depending on the species (see references in Murphy et al., 2011). Larvae were monitored
for parasitism throughout development. If an adult parasitoid emerged, the date of
emergence was recorded and the parasitoid was placed in a -20°C freezer and later
mounted.

As part of a separate experiment in summer 2008, groups of larvae of one host species,
Euclea, were reared within sleeve cages (protected from predators and parasitoids) in the

field at Little Bennett Regional Park on each of the host plant species listed above with the
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exception of chestnut oak (n = 25 per host plant species). Sleeve cages containing larvae
were moved around within the canopy of the host plant as needed to avoid food limitation
and when larvae pupated, their cocoons (pupa + cocoon) were weighed to the nearest 1 mg.
The proportion of caterpillars surviving on each host plant in the field was also calculated.
These data were used to determine the effect of host plant on caterpillar cocoon mass,
survival and performance. Performance was estimated here as mean cocoon mass x
proportion of Euclea caterpillars surviving to cocoon formation in the absence of enemies
based on cohorts of caterpillars reared in sleeve cages on each host plant in the field.
Cocoon mass (cocoon + pupa), a proxy for pupal mass, can be used as a lifetime fitness
measure (Slansky & Scriber, 1985; Lill, 2001; Murphy, 2007; Murphy et al., 2011) and

cocoon mass x survival captures the full host plant effect on host fitness.

Host and parasitoid phenology

If parasitoid phenology was such that the parasitoid species that attacked early
instars (small larvae) only foraged early in the season and those that attacked late instars
(large larvae) only foraged late in the season, parasitoids may not be partitioning hosts
based on size but instead may simply be attacking host species and developmental stages
based on their availability. To isolate host size from the confounding effects of host and
parasitoid phenology, we examined graphically the temporal overlap among the focal
limacodid host and parasitoid species detailed in this study based on seven years of data

from local study sites. Specifically, we determined 1) the median and range of dates that
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each wild-caught host species was collected and 2) the median and range of dates that host
larvae were collected that yielded each of the four focal parasitoid species over the seven-

year sampling period.

Parasitoid measurements

Mounted parasitoids were photographed using an Olympus SZX16 stereo
microscope fitted with a high-resolution digital camera (Olympus, DP71). Parasitoid hind
tibia length was measured from these photographs to the nearest 0.01 mm using ImageJ
(Rasband, 2008) for the tachinids (Austrophorocera and Uramya) and for the braconid
wasp, Triraphis, after calibrating the scale with a slide micrometer. Several studies have
demonstrated a positive correlation between hind tibia length and body mass in parasitoid
wasps (Harvey & Vet, 1997; Nicol & Mackauer, 1999) and tachinid flies (Reitz & Adler,
1995). We demonstrate that this relationship holds for both males and females in
Austrophorocera sp. (Appendix 1). Platyplectrus, which is minute and gregarious, was not
included in parasitoid size measurements or parasitoid sex data because parasitoid clutch
size per host may confound these measurements and incomplete emergence complicates
sex ratio data for this species. It is important to note that because this study focuses only on
emerged parasitoids (realized parasitism), we are investigating the outcome of the host-
parasitoid interaction. Throughout this paper, “host size” refers to the body length (mm) of

the caterpillar host at the time of collection from the field, a proxy for developmental stage.
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All parasitoids are deposited in the Smithsonian Institution National Museum of Natural

History, Washington, DC.

Data analysis

To test the hypothesis that parasitoids partition their shared limacodid hosts based
on size, a Kruskal-Wallis test was performed with host size as the response variable and
parasitoid taxon as the predictor (class) variable; this analysis jointly considered all
limacodid host species. Because some of the host species are probably too small to support
the development of the largest fly species (Austrophorocera), a second Kruskal-Wallis test
was performed as above with host size as the response variable and parasitoid taxon as the
predictor variable but this time excluding the three host species with the smallest maximum
larval sizes, Adoneta, Packardia, and Isochaetes.

To test whether parasitoids specialize on certain limacodid host species, the degree
of species-level specialization of each parasitoid species was measured as d’, the
standardized Kullback-Leibler distance, a network analysis index derived from Shannon
diversity (Bluthgen et al., 2006). Here, d’ is essentially the deviation from a null model of
interaction frequencies that assumes that all parasitoids emerge from hosts in proportion to
their estimated abundance. To quantify parasitoid specialization in this way, a contingency
table of the frequency that each of the four parasitoid species were reared from the 11 host
species was created and this observed table was compared to randomized tables possessing

the same row and column totals using Montecarlo sampling (10* randomizations). These
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calculations were performed online at http://his.biologie.huberlin.de/~nils/stat/ (Bluthgen et
al., 2006). The standardized Kullback-Leibler distance, d’, ranges from 0.0 - 1.0, from
extreme generalization to extreme specialization, respectively. Using this scheme, a
parasitoid would be classified as a specialist if it emerged from hosts more often than
expected based on the host’s relative abundance but not if it opportunistically parasitized
the most abundant host. This method of testing for specialization in species interactions has
several advantages; d’ values can be compared across studies and are robust to differences
in matrix size and structure (Bluthgen et al., 2006).

In addition, for each of three host species for which sufficient data was available
(Acharia, Euclea and Lithacodes), three separate one-way ANOVAs were performed with
host size as the response variable and parasitoid taxon as the predictor variable to test
whether host size effects remained after the effect of host species was removed. When
significant, these ANOV As were followed by Tukey’s HSD post-hoc comparisons to
determine which pairs differed.

Students’ t-tests were used to test whether male and female parasitoid hind tibia
length differed. A t-test was used to test the hypothesis that within one species of solitary
wasp, Triraphis, females emerge from significantly larger caterpillar hosts than males. All
t-tests were two-tailed and assumed equal variances (Levene’s test was used prior to
analyses to test this assumption). Linear regression was also used to test the relationship

between Austrophorocera (parasitoid fly) mean hind tibia length and Euclea (caterpillar
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host) mean performance when reared from six of the most common host plant species. All

statistical analyses were performed in JMP (V. 8.0.2, SAS Institute, 2006).

Results
Caterpillar host size

Parasitoids of different species emerged from hosts of significantly different sizes
(H =190.847, df = 3, P < 0.001), spanning the full range of limacodid larval host sizes
available in nature (1.5 - 23.6 mm, Figure 1.1). When the three host species with the
smallest maximum sizes (Adoneta, Packardia and Isochaetes) were removed from the
analysis, host size partitioning among parasitoid species was still apparent (H = 188.70, df
=3, P <0.001) and the relative rankings of the parasitoids in terms of host size ranges
(Figure 1.1) did not change. The two tachinid fly species differed markedly in that Uramya
was reared from larvae collected in a wide range of sizes while Austrophorocera was only
reared from larvae collected as late instars (median host size > 15 mm; Figure 1.1). By
contrast, most of the wasp parasitoids were reared from larvae collected in early instars

(median host size < 5 mm; Figure 1.1).

Host and parasitoid phenology and host species
The phenology of limacodid larvae and their parasitoids overlapped considerably,
with most larvae available from early July until early September, during which parasitoids

had a wide range of developmental stages and sizes of host caterpillars to choose from
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(Figure 1.2). The phenology of parasitoids overlapped such that from July 27 through
August 30 (34 days), all four parasitoid species were recorded from host collections (Figure
1.2). During this period, all 11 species of limacodid larvae are available, including a range
of small (e.g., Isa, Isochaetes), medium (e.g., Acharia, Adoneta) and large (e.g., Euclea,
Lithacodes) hosts. Of the hosts, Euclea and Lithacodes larvae were recorded from the
greatest range of dates, both representing a 94-day period (Figure 1.2). Platyplectrus was
recorded from the greatest range of host collection dates of all the parasitoids, representing
a 91-day period. The median dates of host collection for three of the four parasitoids,
Triraphis, Platyplectrus and Austrophorocera, all fall within an 11-day period between
July 27 and August 7, which roughly corresponds to the peak in limacodid host density in
the area (Figure 1.2, Murphy et al., 2011).

Host species use also greatly overlapped among parasitoid species. When
considering the estimated relative abundance of each host species, the degree of parasitoid
specialization (measured as d’) was low, particularly for Platyplectrus and
Austrophorocera (Table 1.2). In comparison, using the d” metric, Uramya and Triraphis
were relatively more specialized in terms of host species use (Table 1.2). However, all four
parasitoids have been recorded to emerge from larvae of 3 of the same host species at the
study sites, Euclea, Acharia and Lithacodes, and 7 of the 11 host species are shared by at
least two of these four parasitoids (Table 1.1). Quantified in terms of the total number of
host species that each parasitoid species was reared from (irrespective of relative host

abundance), Triraphis was reared from a total of 8 limacodid host species, Platyplectrus
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and Uramya were each reared from 7 host species, and Austrophorocera was reared from 4
of the 11 limacodid host species (Table 1.1). Austrophorocera is the largest parasitoid, so
its narrower host size range may partly reflect size constraints imposed by the smaller host
species.

Within each of the three host species tested, the species of parasitoid that emerged
was significantly affected by host size (Acharia: F3 45 =50.25, P <0.001; Euclea: F3145=
139.52, P < 0.001; Lithacodes: F3 3= 14.08, P < 0.001), which indicates a significant
effect of host size even after controlling for host species. For all three of these host species,
this pattern was driven by Austrophorocera emerging from hosts that were on average 2.5 —
2.7 times larger at the time of collection than the hosts of the other three parasitoid species
(Tukey’s HSD test, P < 0.05). Within both Acharia and Lithacodes, there was a trend that
the wasps, Triraphis and Platyplectrus, emerged from the smallest hosts while Uramya
emerged from intermediate-sized hosts, although this pattern was not significant. Within
Euclea, Triraphis, Platyplectrus and Uramya all emerged from hosts collected at similarly

small sizes.

Parasitoid sexual dimorphism in size

In both fly species, emerging males were significantly larger than females. In
Austrophorocera, male hind tibias were 5% longer on average than those of females (tg7 =
2.181, P =0.039, male: 2.42 + 0.038 mm, female: 2.30 £ 0.040 mm); in Uramya, male

hind tibias were 10% longer on average than those of females (t49 = 2.239, P = 0.03, male:
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2.15 = 0.059 mm, female: 1.95 + 0.065 mm). The opposite pattern was found for the wasp,
Triraphis; female hind tibias were 46% longer on average than those of males (t47 = -4.944,

P < 0.001, female mean hind tibia length: 1.08 + 0.050 mm, male: 0.738 + 0.049 mm).

Parasitoid sex allocation

When considering all host caterpillar species together, caterpillar host size affected sex
allocation by the solitary braconid wasp, Triraphis. Triraphis females emerged from hosts
that were 40% larger on average than the hosts of emerged males and this difference was
highly significant (t35 = -2.90, P = 0.006; female hosts: 5.60 + 0.40 mm, male hosts: 4.01 +
0.37 mm; Figure 1.3). The caterpillar hosts from which Triraphis wasps successfully
emerged ranged from 3.4 - 10.7 mm in length for females and 2.1 - 7.2 mm for males
(Figure 1.3), which suggests a lower threshold in host size below which female eggs are
either not laid or do not survive to emergence and an upper threshold above which male
eggs are either not laid or do not survive to emergence. Although our sample sizes were
not sufficient to statistically test for an effect of host size on sex allocation within a host
species, the pattern we found for all caterpillar species combined appears to hold even
within host species. For example, of the 9 wasps that emerged from Euclea, the host
species which has the potential to grow the largest of those that produced Triraphis wasps,
8 wasps were female and only 1 was male. Similarly, the host caterpillar species that do not
have the potential to grow as large (e.g., Lithacodes, Natada and Isa) produced mostly

male wasps (19 out of 30 wasps reared from these three hosts were male).
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Host plant species

Host plant species indirectly affected parasitoid size through direct effects on host caterpillar
size and performance. The relationship between Euclea mean cocoon mass and
Austrophorocera mean hind tibia length on each host plant was positive, although not
significant (R? = 0.391, df =5, P = 0.18). This result was primarily driven by white oak and
hickory, which appear to be outliers on which Austrophorocera flies attain a larger size
than predicted from the mean cocoon mass of their hosts. When white oak and hickory are
removed, the positive relationship between Euclea mean cocoon mass and
Austrophorocera mean hind tibia length is significant (R* = 0.948, df = 3, P = 0.027). The
relationship between Euclea performance, considering cocoon mass and survival together,
and Austrophorocera mean hind tibia length on each host plant was stronger. The host
plants on which Euclea caterpillars performed best in the absence of enemies (black cherry,
white oak and pignut hickory) yielded the largest Austrophorocera flies (R* = 0.799, df =

5, P =0.016; Figure 1.4).

Discussion
Caterpillar host size

The limacodid parasitoid community appears to partition their hosts based on size.
The solitary wasp, Triraphis, attacked the smallest hosts (early instars), the gregarious
wasp, Platyplectrus, and the tachinid fly, Uramya, attacked hosts of intermediate size and

the tachinid fly, Austrophorocera, attacked the largest hosts (late instars). It is important to
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note that these results were based on the size of the host when it was collected from the
field, but the exact size of the host at the time of attack was unknown (equal to or less than
the size at collection). In particular, for the tachinid flies that exhibit prolonged periods of
host association during development, the lower limits or minimum host sizes at collection
that yielded a fly are more meaningful than the upper limits or maximum host sizes because
the fly could have attacked the host at any time prior to host collection. In contrast, for the
wasps that develop and emerge relatively quickly, both the lower and upper limits of host
size are important. Because using host size at time of collection provides a conservative
estimate of actual size differences at the time of attack, the fact that we still see strong
differences in host sizes that are attacked by these four parasitoids is compelling evidence
for host partitioning based on size.

Given that all four of these parasitoids are specialists on caterpillars in the family
Limacodidae, interspecific competition for host resources in this system may select for
partitioning of development stages among parasitoid species (Price, 1972; Briggs, 1993;
Harvey, 2005). Limacodid larvae naturally occur at our study site at low densities ( < 1
larva/10 m? foliage; Table 1.1) so foraging parasitoids that share these hosts should be
selected to minimize multiparasitism by specializing on a specific developmental size
range. Early-attacking parasitoids effectively remove host individuals from the population
and thereby reduce the availability of potential hosts for later-attacking parasitoid species, a
form of interference competition. However, if late-attacking tachinid flies avoid small

hosts, tachinids can minimize the risk of choosing a host that has already been parasitized
35



by an early-attacking wasp. Captive trials with both wasp and tachinid fly parasitoid

colonies are needed to differentiate between parasitoid host preference and host suitability.

Host and parasitoid phenology and host species

These four parasitoid species do not appear to partition their hosts based on host
species or phenology. It is clear that hosts are available in a range of sizes during the time
these parasitoid species are foraging and that the phenology of all four parasitoids overlaps
considerably. Notably, three of the parasitoids that attack the smallest (Triraphis,
Platyplectrus) and largest (Austrophorocera) hosts have been reared from hosts collected
within a median date range spanning only 11 days suggesting that each parasitoid has a
range of host sizes and species available to attack. The parasitoid species reared latest in the
season (based on median date of host collection), Uramya, attacks intermediate-sized hosts
even though many larger/later instar hosts are available at this time. Uramya may
preferentially attack smaller hosts than Austrophorocera as these hosts may provide more
time for Uramya larvae to complete development before the host reaches the prepupal
stage. Similarly, Platyplectrus has been reared from small hosts collected in mid-
September when most hosts are large, which suggests that this wasp species either avoids
large hosts or unsuccessfully parasitizes them.

All four parasitoids were relatively generalized in terms of their host use within the
Limacodidae, with d’ values similar to those recorded for generalized seed dispersal

mutualisms between various animal and plant species (Bluthgen et al., 2007). When
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controlling for host species and when excluding the host species with the smallest
maximum larval size ranges, host partitioning based on size was still apparent. The lack of
Austrophorocera rearings from the three smallest host species may reflect adaptive
avoidance of these hosts, which are unlikely to provide sufficient resources for a single fly
to complete development. Alternatively, Austrophorocera may attack other limacodid
species but their offspring are unable, or rarely able, to survive to emerge from smaller host
species. However, the three species that we tested for a host species effect, and that make
up a significant proportion of the data, are large enough to support Austrophorocera
development. Together, these results suggest that parasitoids do not simply attack the hosts
that are available at the time they are foraging, but rather that they are either actively
choosing or differentially surviving to emerge from hosts of different sizes. Planned
experiments that simultaneously expose hosts of different sizes to parasitoid attack on
shared host plants will help clarify these empirical findings.

Potential selective pressures favoring the use of small hosts over larger ones include
the higher abundance of early-stage larvae in nature (Price, 1972) and less-developed
innate immune responses in smaller hosts (Strand & Pech, 1995). Previous studies have
shown that host defenses against wasp parasitoids, including encapsulation, are heightened
in late instars compared to early instars in some species (e.g., Brodeur & Vet, 1995). Wasps
may avoid late instar hosts due to increased risk of encapsulation. In contrast, flies may
minimize direct competition for hosts and multiparasitism by foraging slightly later in the

season when the late instar hosts they find have presumably avoided or survived wasp
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parasitism. Unlike many wasps whose eggs are injected into the host’s hemolymph,
tachinid fly eggs are laid externally and hatch quickly (Stireman et al., 2006). Tachinid
larvae must develop on the host cuticle before entering the host (Stireman et al., 2006), so
smaller host caterpillars which molt more often (Dyar, 1890) may be more likely to molt
newly laid eggs or larvae from the cuticle. Mobile tachinid fly larvae are likely to be less
subject to encapsulation and other host immune responses than static wasp eggs because
they often reside in specific tissues within the host, instead of circulating in the hemocoel
(Belshaw, 1994). Indeed, many tachinid species including Austrophorocera, co-opt the
host’s encapsulation response to construct a breathing tube (“respiratory funnel’) that
provides continuous outside oxygen flow (Vinson, 1990; Stireman et al., 2006). Selective
pressures likely to favor the use of larger or later instar hosts include greater apparency to
visually-oriented parasitoids such as tachinids, as well as the greater degree of plant
damage caused by large hosts that may serve as a cue in host location (Turlings et al.,
1990), and a significant reduction in the risk of intraguild predation and multiparasitism

subsequent to attack (Price, 1972).

Parasitoid sexual dimorphism in size

Our results for Triraphis corroborate other studies that show that female wasps are
larger and emerge from larger hosts than do males of the same species (reviewed in King,
1989). Host size-dependent sex allocation is predicted to be more common in parasitoids

that attack non-growing host stages (idiobionts) but has also been shown to occur in some
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koinobionts (King, 1989). We argue that although Triraphis is technically a koinobiont,
because it attacks and kills the host quickly leaving little time for the host to continue to
grow, the size of the host at the time of attack remains a strong predictor of the host’s final
size. Size in female wasps has been positively correlated with several measures of
parasitoid fitness including egg number, egg size, fecundity, search efficiency and
longevity (King, 1987; Godfray, 1994). However, this is the first study to our knowledge to
show this pattern for a rogadine braconid wasp. This is also one of only a few studies to
show the opposite pattern for two species of tachinid flies: both Austrophorocera and
Uramya males were larger than females in terms of hind tibia length. Several studies have
reported larger tachinid body size in females compared to males (McLain et al., 1990;
Pintureau & Grenier, 1992; Gross et al., 1996), while others have reported larger body size
in males (Adamo et al., 1995; Allen & Hunt, 2001). Although not recorded for the two
tachinid species used in the current study, in other tachinids that form leks, large males
have been shown to gain a mating advantage (Lederhouse et al., 1976; Alcock & Kemp,
2006) suggesting that male size may be under greater selection pressure than female size in

some tachinid species.

Sex allocation
In at least one parasitoid, the wasp Triraphis, caterpillar host size influences sex
allocation of offspring by females. Triraphis females emerged from significantly larger

hosts than males, suggesting one of two possibilities: 1) foraging wasps chose significantly
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larger hosts for their daughters than for their sons (primary sex ratio alteration), or 2)
female offspring suffer differential mortality within small hosts (secondary sex ratio
alteration). Because this study focused on emerged parasitoids only, we are unable to
separate these two alternative mechanisms, however, our results corroborate many studies
that have shown that females emerge from larger hosts than males (e.g., Jones, 1982; Seidl

& King, 1993; Croft & Copland, 1995; Ueno, 1998; Wang et al., 2008).

Host plant species

Host plant quality indirectly affects parasitoid size, and presumably parasitoid
fitness, through its direct effects on the size and performance of the caterpillar host (Ode
2006). These differences could contribute to host plant-specific differences in parasitoid
foraging if parasitoids with prolonged host association periods can use host plant traits as
reliable indicators of the future growth potential of their herbivorous hosts. Host plant
effects are most likely to ‘cascade up’ in parasitoids with prolonged host association
periods (e.g., Austrophorocera and other larval-prepupal or larval-pupal parasitoids) where
host plant effects on host caterpillars are fully realized. Host plant effects on parasitoid
fitness have been found in other studies (e.g., Barbosa et al., 1991; Teder & Tammaru,
2002; Holton et al., 2003; Campan et al., 2005; Caron et al. 2008); however, these studies
either focused on intraspecific host plant differences or compared only two species of host
plants. Ours is one of the first studies to demonstrate host plant effects across multiple plant

species on parasitoid fitness (see also Lampert & Bowers, 2010).
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Significant host plant effects on parasitism frequencies are evident in this system
(Lill & Murphy, in prep), however, it is unclear whether foraging parasitoids use host plant
or host caterpillar cues (or both) to locate and select hosts. Given that host plant species
affects the adult size attained by at least one parasitoid species, parasitoids may be able to
use the host plant as an indicator of host abundance, host quality, or potential host quality.
If this is the case, parasitoids should be selected to preferentially search the host plants on
which host caterpillars perform best or occur on most frequently. However, host plant
nutritional quality has also been shown to affect encapsulation ability, an important
immune defense against developing parasitoids (Ojala et al., 2005; Lee et al., 2006; Srygley
et al., 2009). If hosts feeding on higher quality host plants have greater immune defenses,
foraging parasitoids may face a tradeoff between high quality host resources and the risk of

host immune responses.

Conclusions

In conclusion, we have shown that tachinid fly and wasp parasitoids partition their
shared host caterpillar resources based on host size and that host size can mediate adult
parasitoid size and influence sex allocation in at least one wasp species. Host plant species
has strong effects on host caterpillar performance, which in turn can affect the size and
presumably the fitness of emerging tachinid flies. Although most tritrophic interaction
studies have looked at just one host plant or have focused on agricultural systems with one

host and one parasitoid, our study is unique in including 7 host plant species, 11 host
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caterpillar species, 2 parasitic wasps and 2 parasitic flies, all of which naturally co-occur.
Only through these kinds of community studies of hosts and their parasitoids can we begin
to understand and separate the complex interactions that shape host choice, such as
competition with other parasitoids and host plant quality effects on host immune response
and parasitoid fitness. Future studies should focus on how parasitoid communities partition
host resources by detailing which host stages are attacked and how host plants mediate

parasitoid choice.
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Table 1.1 Limacodid larval hosts used in this study, the range of sizes (larval lengths) at
which they were collected from the field, corresponding to the upper size limit at which
they were parasitized, the parasitoid taxa that have been successfully reared from each
host, and estimated larval density. Parasitoid taxa “P” = Platyplectrus americana
(Eulophidae: Hymenoptera), “T”” = Triraphis discoideus (Braconidae: Hymenoptera),
“U” = Uramya pristis (Tachinidae: Diptera), “A” = Austrophorocera sp. (Tachinidae:
Diptera). Host species were either experimentally exposed (E), wild-caught (W), or were
a mixture of both (E,W). Larval density is an estimate across six of the primary host plant
species (Prunus serotina, Quercus alba, Q. rubra, Fagus grandifolia, Nyssa sylvatica,
and Carya glabra) based on manual censuses of over 431,000 leaves over four years

(2007-2010).
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Host species Size range Experimentally- Parasitoid taxa Mean density
collected exposed (E) + SE (larvae/
or wild-caught 10m? foliage)
(W) (mm)
Acharia stimulea 4.0-236 E.W PT,UA 0.046 + 0.041
Adoneta spinuloides 2.0-8.0 W P,T 0.064 + 0.031
Euclea delphinii 3.0-219 E,.W P,T,UA 0.019 +0.011
Isa textula 1.0-16.0 w P,T,U 0.623 + 0.100
Isochaetes beutenmuelleri 10.0 w u 0*
Natada nasoni 2.1-6.0 w T 0.451 £ 0.099
Packardia geminata 2.0-6.0 W P,U 0.007 £ 0.004
Parasa chloris 4.0 w T 0.010 £ 0.010
Phobetron pithecium 35-40 w P 0.019 £ 0.015
Prolimacodes badia 2.0-13.0 w T,UA 0.218 £ 0.073
Lithacodes fasciola 15-11.0 E.W P,T,UA 0.211 £ 0.058

*never collected during censuses
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Table 1.2. Species-level specialization of each of the four parasitoid taxa on 11
limacodid host caterpillars based on standardized Kullback-Leibler distances, d’. Values
may range from 0.0 — 1.0, indicating extreme generalization (0.0) to extreme

specialization (1.0). See Methods for list of host species and a complete description of

this metric.

Parasitoid Taxon Parasitoid d’
Tachinid flies:

Austrophorocera sp. 0.265
Uramya 0.464
Wasps:

Platyplectrus 0.232
Triraphis 0.405
Weighted average 0.302
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Figure legends

Figure 1.1. Parasitoid resource partitioning by host size at time of collection for two
tachinid fly species (Austrophorocera sp. and Uramya pristis) and two wasp species
(Platyplectrus americana and Triraphis discoideus). All solitary parasitoids are separated
by sex; Platyplectrus americana, the only gregarious species, is not separated by sex.
Numbers in parentheses following parasitoid species names are number of reared
parasitoids. Hosts include all 11 species of limacodid caterpillars examined in the study.
Each box represents the 25th and 75th percentiles of host sizes used; the middle bar is the
median. Whiskers contain the lowest and highest data points within 1.5 interquartile range

(IQR) of the lowest and highest quartiles, respectively. Dots represent outliers.

Figure 1.2. Limacodid host larvae and parasitoid phenology, 2004-2010. “Hosts” (in grey):
each horizontal line represents the range of dates that each species of wild-collected
limacodid larvae has been found on foliage at the study sites during sampling censuses.
“Parasitoids” (in black): each horizontal line represents the range of dates that a limacodid
host larva was collected (both wild-caught and experimentally deployed larvae) from which
a parasitoid of each species successfully emerged. For both hosts and parasitoids, black tick
marks represent the median date of host collection for each species. Genera are used as
abbreviations but each represents a single species (listed in methods). Note that the

maximum date of host collection that yielded Austrophorocera sp. is later than any of the
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larval maximum dates because parasitoid data include experimental larvae that were

deployed later than they would naturally occur, but were still attacked by Austrophorocera

sp.

Figure 1.3. Sex allocation according to host caterpillar size in Triraphis discoideus. Each
circle represents an emerged Triraphis wasp: black circles represent females (n=17); white

circles represent males (n=20). Hosts include eight species of limacodid caterpillars.

Figure 1.4. Correlation between Euclea delphinii host caterpillar mean performance in the
absence of enemies and Austrophorocera sp. adult mean hind tibia length for parasitoids
emerged from exposed hosts reared on six different host plants (BC = black cherry; WO =
white oak; H = pignut hickory; BE = American beech; RO = red oak; and BG = black

gum). Error bars represent + 1 SE for hind tibia length.
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Figure 1.2
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Figure 1.3
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Figure 1.4
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CHAPTER 2: SUNLIGHT-INDUCED VARIATION IN LEAF QUALITY AND
FOLIVORY: FOREST HABITAT, NOT LEAF PHENOTYPE, PREDICTS LATE-
SEASON FOLIVORY OF QUERCUS ALBA SAPLINGS

Summary

Natural sunlight gradients occur on multiple scales in space and time. However, the
direct (via habitat) and indirect effects (via plant quality) of light environment are often
confounded, obscuring the relative importance of each in influencing herbivore responses.
Potted saplings of Quercus alba L. (white oak, Fagaceae) were grown in either full sun or
full shade from budburst to leaf hardening to manipulate leaf phenotype (creating sun or
shade leaves), then placed in either sunny light gaps or adjacent shaded forest understory
habitats. This two-way factorial design isolated the effects of sunlight level during leaf
expansion from light environment late in the growing season on leaf phenology, leaf traits
associated with host plant quality for herbivores, herbivore density, and folivory.

Sunlight level during leaf expansion and hardening had strong and persistent effects
on Q. alba leaf phenology and phenotype. Shade saplings had later budburst (ca. 4 days),
and fewer but larger leaves, resulting in greater total leaf area compared to sun leaf
saplings. Shade leaves had higher water content, specific leaf area and nitrogen content,
and lower toughness, carbon content, C:N ratios and concentrations of hydrolyzable and
condensed tannins than sun leaves. Despite the higher quality of shade leaves, forest habitat
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better predicted damage by folivores than leaf type, suggesting that the direct effects of
light environment predominate for herbivory. Potted saplings of both leaf types placed in
the shaded understory suffered almost 2 times more folivory, on average, than saplings in
sunny light gaps, despite more than 3 times higher mid-season herbivore density on sun
leaf saplings relative to shade leaf saplings.

Taken together, these results suggest that both leaf phenotype and forest habitat,
two factors frequently confounded in nature, have significant but distinct effects on leaf
quality and herbivory. These findings have important implications for plant-herbivore
interactions following forest fragmentation or new tree falls, when shade leaves may be
present in sunny habitats, and may help explain patterns of herbivory in understory plants
with early leaf-flushing phenology relative to the canopy, when sun leaves are present in
the shaded understory. These findings are also relevant to understanding how herbivore
dynamics may differ on edges relative to forest core habitats and in forests of various

successional stages.

Key-words: direct effect, herbivory, indirect effect, intraspecific variation, leaf toughness,

leaf quality, light gap, phenotypic plasticity, shade leaf, sun leaf
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Introduction

Abiotic factors affect the quantity and quality of resources available to plants,
herbivores, and higher trophic levels (Preisser & Strong 2004; Yarnes & Boecklen 2006).
One important and heterogeneous abiotic factor is the amount of sunlight available to
plants. In nature, sunlight gradients commonly occur on multiple scales in both space (e.g.,
within and among plants), and time (e.g., within a day or within a season). In both
temperate and tropical forests, natural light gaps caused by tree falls are a significant source
of variation in the amount of sunlight plants receive and as such, play an important role in
forest dynamics and the maintenance of diversity (Runkle 1982; Denslow 1987).

Light level influences a suite of plant nutritional and resistance traits (e.g., leaf
toughness, carbon-based secondary chemistry, leaf nitrogen levels and leaf water content;
Larsson et al. 1986; Nichols-Orians 1991; Coley & Barone 1996; Forkner, Marquis & Lill
2004; Barber & Marquis 2011). In general, primary productivity tends to be higher in sun-
grown plants, but concentrations of some defensive compounds, such as tannins, are also
often higher while water content is lower (Aide & Zimmerman 1990; Dudt & Shure 1994;
Henriksson et al. 2003). These differences may lead to differential herbivory of sun and
shade leaf types depending on herbivore preferences and physiological tolerance. Previous
studies report greater herbivory on leaves in shaded environments (Maiorana 1981;
Niesenbaum 1992), increased herbivore performance when fed shade leaves (Henriksson et
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al. 2003; Connor 2006) and herbivore preference for shade leaves (Crone & Jones 1999).
In contrast, other studies have found increased herbivory of leaves in sunny environments
(Chacon & Armesto 2006), higher herbivore performance when fed sun leaves (Fortin &
Mauffette 2002) and herbivore preference for sun leaves (Nichols-Orians 1991). These
inconsistent patterns in the effects of light level suggest that optimal foraging by herbivores
may depend not only on leaf traits but also on the habitat in which host plants grow.
Herbivores may be affected by sunlight via two mechanisms: 1) directly through
microhabitat-related differences in temperature and humidity (Stamp & Casey 1993; Bale
et al. 2002), and 2) indirectly though sunlight-induced variation in host plant traits or via
effects on natural enemies (Richards & Coley 2008; Barber & Marquis 2011). Further,
sunlight is likely to modify leaf physical, chemical and nutrient properties in different
ways, resulting in complex effects on overall leaf quality. Finally, herbivore species are
likely to differ in their responses to and tolerance of light variation. No previous studies, to
our knowledge, have manipulated both the indirect and the direct components of sunlight
level simultaneously and recorded the responses of the herbivore community (but see
Connor 2006 for one species-level response).

Oaks (Quercus spp.: Fagaceae) are ideal for examining the effects of light
environment on herbivory as they exhibit variation in plant defense and tolerance (Feeny
1970; Hunter & Schultz 1995; Wold & Marquis 1997; Lill & Marquis 2001; Hochwender,
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Sork & Marquis 2003; Adams et al. 2009), resource allocation (Sork, Bramble & Sexton
1993), local adaptation to herbivory (Sork, Stowe & Hochwender 1993), trophic cascades
and community structure (Marquis & Whelan 1994; Lill & Marquis 2003), the relative
roles of top-down and bottom-up forces (Forkner & Hunter 2000), and insect population
dynamics (Varley & Gradwell 1968; Varley, Gradwell & Hassell 1973; Schultz & Baldwin
1982). Therefore, it is important to understand how sunlight level both early and late in leaf
development affects leaf traits and herbivore responses in oaks.

Here, we grew potted Quercus alba L. (white oak, Fagaceae) saplings in either full
sun or full shade during the entirety of leaf expansion to manipulate leaf phenotype
(creating sun and shade leaves), and then placed these saplings in sun or shade (light gap or
understory) forest habitats in a two-way factorial design. In so doing, we determined the
relative importance of sunlight treatment during leaf development and forest habitat type in
determining plant phenology, leaf physical and chemical traits, arthropod density and
folivory. Specifically, we addressed three questions: 1) How do the herbivore and
arthropod predator communities respond to leaf phenotype and forest habitat? 2) How does
the amount of sunlight received during budbreak and leaf expansion affect plant phenology
and leaf phenotype? 3) What effect does forest habitat (light gap or shaded understory)
have on leaf phenotype? We predicted that herbivore density would be influenced by both
leaf type and forest habitat, with herbivore density greatest on shade leaf saplings within
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shaded forest understory due to both the predicted higher nutritional quality of shade leaves
and the more favorable ambient conditions provided by shaded understory. We predicted
that this would lead to both higher folivory and higher arthropod predator density in these
treatments (if predator foraging is density-dependent). Finally, we predicted that sun and
shade leaves would differ in mechanical, chemical and nutritional properties and that these
phenotypes would remain relatively unaltered after placement in alternative forest light

environments.

Materials and Methods

We focused on one canopy dominant plant species, Q. alba, which naturally occurs
along a gradient of light levels, from full shade to full sun, and which shows strong
phenotypic responses to light (Le Corff & Marquis 1999; Forkner et al. 2004; Barber
2009). Potted Q. alba saplings (approx. 2m-tall, 4 - 6 years old, n = 60) were obtained from
the Maryland Department of Natural Resources. Saplings were grown in 5-gallon pots with
drainage holes in a custom blend soil of aged pine bark, peanut hulls, agricultural compost,
and sand. Prior to purchase, saplings had been fertilized with a 3-3-3 N-P-K granular
fertilizer. All saplings were provided with an equal amount of supplemental water as

needed to avoid water stress.
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Leaf phenotype: Sun or shade leaves

The leaf phenotype of the potted Q. alba saplings was manipulated by growing the
plants in either full sun (n = 30) or full shade (under black 90% light reduction shade cloth,
n = 30) on the roof of Bell Hall, a four-story building located at The George Washington
University, in Washington, DC. Saplings were kept under these light conditions for three
months (30 March — 30 June, 2010) which encompassed the entire developmental process
from pre-budbreak through full leaf expansion and hardening, to produce sun and shade-
leaf saplings, respectively. In the shade leaf treatment, shade cloth reduced
photosynthetically active radiation (PAR) by 90.2% based on hourly, paired measurements
above and below shade cloth on three clear, sunny days during the peak hours of 10 am — 2
pm (mean + SD 4493 +100 pmol s m? reduction; quantum photometer, Li-190SB, Li-cor
Inc, Lincoln, NE). Saplings were rotated weekly within each light treatment to minimize
any unintended position effects. We acknowledge that artificial shade treatments may not
entirely reproduce the changes in the spectral balance of leaves (red: far red radiation or
UV:PAR) that typically accompany natural shading, e.g., by forest canopies (reviewed in
Roberts & Paul 2006). Importantly, Q. alba generally flushes only one set of leaves for the
season (Barber & Marquis 2011; Stoepler, pers. obs.). Therefore, it is assumed that these
sun and shade leaf phenotypes and their associated chemical and physical properties remain
relatively fixed throughout the season, even when placed in alternative light environments.
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To quantify these sun and shade leaf type differences, the following traits were
measured for all or a subset of potted saplings prior to movement to the forest in June 2010:
(1) budbreak date (date of first bud opening), (2) leaf greening date (date when > 50% of a
sapling’s leaves first turned from red to green), (3) sapling height (cm), (4) trunk diameter
(cm; at 12 cm above soil level), (5) total number of leaves per sapling, (6) individual leaf
area (cm® n = 30 leaves/sapling), (7) total leaf area/sapling (number of leaves/sapling x
mean individual leaf area; m?), (8) number of shoots per sapling, (9) new shoot length (cm;
all shoots), (10) leaf density (leaves/cm of shoot), (11) leaf fracture toughness (J m?; see
below), (12) leaf thickness (mm), (13) leaf water content (%, measured from standardized
leaf punches, avoiding veins; n = 3 punches/leaf, one leaf/sapling), (14) specific leaf area
(SLA; leaf area/dry mass measured from standardized leaf punches), and (15) initial
folivory before being placed in the forest (% leaf area consumed by chewing herbivores
while on the roof either under the shadecloth or adjacent unshaded rooftop; n = 30
leaves/sapling). Folivory was assessed by measuring the amount of leaf area removed using
a clear acetate grid of 1 cm? squares laid over each leaf (n = 45 leaves/sapling or control).
All variables were also measured on control trees, i.e., trees naturally growing in sun or

shade in the forest, except budbreak and leaf greening phenology (see below).
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Forest habitat: Light gap or shaded understory

Naturally-occurring light gap and adjacent shaded forest understory sites were
chosen within Little Bennett Regional Park, Montgomery County, MD (39° 15.9° N, 77°
16.7> W; Elev: 500 m), a 13 km? secondary forest in the Piedmont region dominated by
beech, oak and hickory. After leaves were fully expanded and hardened, saplings of each
leaf phenotype were placed in the forest in both sun (light gap) and shade (shaded forest
understory) habitats as potted plants in 15 blocks on 30 June 2010 (Figure 2.1). Pots were
dug into the ground approximately 30 cm to aid in moisture retention and to prevent
saplings from falling over. We used a two-way factorial randomized complete block design
with two sunlight factors: leaf type (leaf expansion and hardening in either full sun or full
shade conditions) and habitat (subsequent placement in either sunny light gap or shaded
forest understory light environments). Using potted plants allowed us to control for leaf
age, plant size and growth stage, each of which has been shown to affect leaf palatability to
herbivores in previous studies (e.g., Coley 1980; Boege & Marquis 2006). Naturally-
occurring size-matched Q. alba saplings (or branches of larger saplings when a sapling was
not available) in each light gap and shaded understory site were also studied to account for
any ‘pot’ effects (“control” saplings hereafter, n=1/habitat type/block; Figure 2.1). Potted
saplings in each block were provided with an equal amount of supplemental water in the
field as needed to prevent desiccation within pots (approximately 4L once per
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week/sapling); potted saplings in sun and shade habitats received the same amount of
water. Control saplings were not watered.

To quantify light level in sun and shade habitats, the pre-marked location chosen
for each sapling was monitored diurnally and scored for the amount of sunlight received
each hour for the peak hours of 9 am —4 pm on one clear, sunny day immediately prior to
the start of the field experiment (23 June 2010). Saplings in designated ‘shade’ habitats
never received more than 1 h of full sun or 2 h of partial sun and on average, received 6.3 h
(range 5— 7 h) of shade per day. Saplings in designated ‘sun’ habitats received at least 2 h
of full sun each day plus 2 h of partial sun (or 3 h full sun plus 1 h partial sun) for a total of
4 h of direct sunlight, and they never received more than 3 h of shade during these peak
hours. On average, saplings in sun habitats received 5.4 h total sun per day. Percent canopy
openness was also measured for each sun and shade habitat using a concave spherical
densiometer. Four measurements were taken at 1.5 m height in each habitat (once facing
each cardinal direction), and these were averaged for each habitat in each block. Across all
15 blocks, mean * SE percent canopy openness in sun habitats was 57.9 + 6.2 %; in the
shade it was 2.4 £ 0.6 %, a significant difference (t-test assuming unequal variances: ti4,7=
8.90, P <0.0001). Percent canopy openness was highly correlated with the mean number of

hours of sunlight received by each plot (R% = 0.818, P < 0.0001).
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To compare chemical and nutritional differences among leaf types, we measured
leaf hydrolyzable and condensed tannin content, total percent nitrogen, percent carbon and
carbon: nitrogen ratio on leaves collected in mid-summer (July 2010). To quantify
arthropodcommunity response to each of the four leaf type x habitat treatment
combinations, all leaf surfaces and shoots of each potted and control sapling were visually
censused for herbivorous and predaceous arthropods on 28 July 2010. All arthropods
(excluding mites and sessile feeders such as scales) were counted and identified to class,
order or family and classified into functional groups (herbivore, predator, other). To
document seasonal changes in leaf type, late in the season (September), we again measured
leaf fracture toughness, leaf water content, specific leaf area, and additionally measured
late-season herbivory (folivory: % leaf area consumed by chewing herbivores and

skeletonization: % leaf area skeletonized; n = 45 leaves/sapling).

Leaf toughness

Leaf fracture toughness (R; J m™) was quantified using a scissors “cutting test”
following Lucas and Pereira (1990). This leaf toughness metric is highly relevant for
chewing insect herbivores as it measures the energy required to fracture (cut) the leaf
(Lucas & Pereira 1990; Sanson 2006). Briefly, carbon steel tailoring scissors (A-220,
Dragonfly, Korea) were mounted in a Universal Testing Machine (DCS-5000 Shimadzu,
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Japan) and an individual leaf specimen was held between the scissor blades by affixing it to
a platform on either side of the machine with tape. In each test, the lamina was cut from the
margin toward the midrib between secondary veins at an angle of approximately 120°
(Lucas & Pereira 1990). Major veins were avoided because they can be 20 — 30 times
tougher than the leaf lamina (Lucas et al. 1991; Choong et al. 1992). Three cutting tests
were performed on one haphazardly selected leaf per sapling on each of the potted and
control saplings; these three tests were averaged to produce one toughness value per
sapling. Leaves were sampled on two collection dates 1) ‘Early’ season: 17 June (n
=17/leaf type; 38 total) and 2) ‘Late’ season: 14 September 2010 (n = 8/leaf type x habitat
combination; 48 total), kept in sealed plastic bags with a moistened paper towel at 4°C to
maintain turgidity, and tested within 24 h of collection. The energy lost to friction of the
scissor blades was subtracted by performing an “empty pass” test prior to testing each leaf
specimen (Lucas & Pereira 1990; Choong 1996). Fracture toughness was calculated as the
energy (N) required to fracture the leaf /(lamina thickness x length of cut) using a data
processor (Dataletty 401, Shimadzu, Japan) (Lucas & Pereira 1990). Lamina thickness was
measured with a micrometer to the nearest 0.01 mm; the length of the cut (approx. 8 mm)

was measured to the nearest 0.1 mm using dial calipers.
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Leaf chemistry

Three leaves per potted or control sapling were systematically collected over the
height of the plant from all 6 plants in each of 8 blocks (n = 48 saplings total) on 30 July
2010. Leaf samples were kept on ice in the field, immediately dried in a drying oven for 3
days at 60°C, and then stored in a freezer at -20°C. Before extraction, leaves were ground
with a Wiley Mill and the ground leaf powder was freeze dried overnight. Leaf samples
were combined to provide one sample per sapling. Samples were extracted exhaustively by
sonication for 30 min, centrifugation at 3,900g RCF and 4°C for 15 min, decanting the
supernatant into a separate microcentrifuge tube, and addition of 0.5 ml of 70% acetone
with 1 mM ascorbate for a total of four cycles (Adams et al. 2009). After extraction, the
acetone was removed by rotary evaporation and samples were made up to a constant
volume of 0.5 ml.

Foliar hydrolyzable and condensed tannins were measured using the potassium
iodate assay (Bate-Smith 1977; Schultz & Baldwin 1982) and the acid-butanol assay
(Rossiter, Schultz & Baldwin 1988; Rehill et al. 2006), respectively. Following a
modification of the method of Hagerman and Butler (1980) as discussed in Rehill et al.
(2006), we used a previously prepared standard created from equal amounts of lyophilized,
ground leaf powder from lower-level canopy Q. alba leaves collected along a latitudinal
gradient from Georgia to Maine in late May — late July (Adams et al. 2009). The results of
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these assays are quantified as percentage tannin equivalents, indicating reactivity relative to
the purified standard (Adams et al. 2009).

Elemental analysis was used to determine foliar percent nitrogen, percent carbon
and carbon: nitrogen from the same leaf samples collected for the tannin analyses described
above (n = 48); samples were sent to the Cornell Stable Isotope Laboratory for analysis on

a CE Elantech Flash 1112 elemental analyzer.

Data Analysis

Where applicable, for each analysis, we first tested for a ‘pot’ effect by comparing
control saplings to pots of the same treatment combination, i.e., sun habitat + sun leaf and
shade habitat + shade leaf, excluding the “sun habitat + shade leaf”” and “shade habitat +
sun leaf” treatment combinations. If ‘pot’ effects were significant, we performed two
separate analyses: one comparing controls and pots of the same treatment combination as
above and a second excluding all controls, comparing only potted saplings in the four
treatment combinations to one another. If the effect of ‘pot” was not significant, controls
and pots in the same treatment combination were combined in final models. Full models
were constructed with block (random factor) and the fully-crossed fixed factors habitat,
leaf type and habitat x leaf type using mixed models (Proc Mixed, SAS Institute 2008).
Final models excluding non-significant terms (i.e., ‘pot’ or ‘block”) are reported. While we
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tested for ‘pot’ and ‘block’ effects in all models, ‘pot’ effects were only evident in folivory
and tannin analyses, and ‘block’ was only retained in the model testing herbivore density.
Folivory (mean proportion of leaf area consumed by chewing herbivores per leaf per
sapling) and tannin content (% tannin equivalents) were arcsine square root transformed
prior to analyses, and herbivore and arthropod predator densities (number of herbivores or
arthropod predators/m? foliage) were square-root transformed to meet model assumptions.
To test for differences in leaf type traits between sun and shade leaf potted saplings prior to
placement in forest habitats, we performed separate t-tests. Data were analyzed using JMP

9.1.2 (SAS Institute 2010) or SAS 9.2 (SAS Institute 2008).

Results

Quercus alba sun and shade leaf type treatments significantly altered phenology,
sapling architecture and leaf traits, and in general, these sun and shade leaf phenotypes
remained constant throughout the season, irrespective of subsequent placement in sun and
shade forest habitats (light gaps or shaded forest understory) (Table 2.1). The date of first
budbreak was 4 d later on average in shade leaf saplings than in sun leaf saplings (Table
2.1, also see Appendix 2 for genetic effects on sapling phenology). Shade leaf saplings had
21% fewer leaves, but 37% greater total leaf area than sun leaf saplings. Individual shade
leaves were 78% larger in area than sun leaves in potted saplings. Interestingly, several
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sapling architectural traits induced by the sun and shade leaf treatments were maintained
the following year, despite the fact that all saplings were transferred to the ‘shade leaf’
treatment in that year (see Appendix 3). Early to mid-season, shade leaves were 8% higher
in water content, 12% higher in nitrogen, 17% lower in thickness, 27% lower in toughness,
and 14% lower in carbon: nitrogen than sun leaves (Table 2.1). Late-season specific leaf
area (SLA) of shade leaves was 52% higher than sun leaves, regardless of forest habitat
(Table 2.1). In general, the foliar phenotype and plant architecture of control saplings were
similar to potted saplings of the same leaf type (Table 2.1). Although pre-experiment leaf
damage (incurred during leaf type treatments on the roof) was significantly higher on
potted sun leaf saplings than on potted shade leaf saplings (t,9 = 6.583, P < 0.0001), the
mean proportion of leaf damage/leaf/sapling was less than 4% for both leaf types. Control
sapling early-season damage did not differ between leaf types (t,g = 0.0302, P = 0.9761)
and the mean proportion of leaf damage/leaf/sapling was 6% for both sun and shade control
saplings.

Mid-season insect herbivore density differed among treatments. Mean herbivore
density was more than 3 times higher on sun leaf saplings compared to shade leaf saplings
(leaf type, F173 =5.99, P = 0.0168; Figure 2.2) and varied among blocks (Z14 =2.17, P =
0.0152), but notably, did not differ among the shaded and sunny habitats (habitat, F; 73 =
0.43, P = 0.5147; leaf type x habitat, F; 73 = 0.401, P = 0.9333). Herbivores recorded in the
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census included caterpillars (mainly Geometridae, Gracillariidae, Limacodidae,
Lymantriidae, Noctuidae, and others: Lepidoptera), Asiatic oak weevils (Cyrtepistomus
castaneus, Curculionidae: Coleoptera) and other beetles (Coleoptera), aphids (Aphididae:
Hemiptera), lace bugs (Tingidae: Hemiptera), leaf hoppers (Cicadellidae: Hemiptera),
crickets and katydids (Orthoptera), walking sticks (Phasmida), sawfly larvae (Caliroa spp.:
Tenthredinidae: Hymenoptera), and thrips (Thysanoptera). In contrast, arthropod predator
density did not differ among either sapling leaf types or habitats, (GLM: F3g=1.88, P =
0.1388), but there was a non-significant trend toward greater predator density in the shade
habitat compared to the sun habitat (45% increase). Arthropods classified as predators
included spiders (Arachnida), ants (Formicidae: Hymenoptera), lacewings (Chrysopidae:
Neuroptera), stink bugs and shield bugs (Pentatomidae: Hemiptera). We acknowledge that
some of the ants may not have been acting as predators (e.g., they may have been
consuming insect honeydew) and that some of the pentatomids may have been
phytophagous depending on the taxon.

Late-season folivory, i.e. the cumulative proportion of leaf area consumed per leaf
per sapling by chewing herbivores by September, did not differ between sun and shade leaf
saplings, but did differ between sun and shade forest habitats. Comparing controls to pots
of the same treatment combination only, control plants suffered 66% higher folivory than
did potted plants (F1 24 = 22.8757, P < 0.0001) and there was a marginal trend that plants in
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the shade habitat suffered 22% higher folivory than those in the sun habitat (F1 24 = 3.3367,
P =0.0802; Figure 2.3). Excluding controls, potted plants in the shade habitat suffered
almost 2 times higher folivory on average than those in the sun habitat (habitat, F1 23 =
6.93, P = 0.0149; Figure 2.3), while the main effect of leaf type (F1 23 = 0.96, P = 0.3366)
was not significant, nor was the habitat x leaf type interaction (Fy 23 = 1.81, P = 0.1920).
Skeletonization accounted for only 2 — 4% of late season leaf damage and did not differ
among treatments (F3s = 0.3147, P = 0.7319).

Sun leaves consistently had higher concentrations of both condensed and
hydrolyzable tannins compared to shade leaves. Among potted saplings, the sun leaves
averaged 24% higher condensed tannins and 32% higher hydrolyzable tannins than shade
leaves (leaf type, F1 2= 122.89, P < 0.0001 and F; 2= 52.27, P < 0.0001, respectively; Figs
2.4A, 2.4B). However, neither condensed nor hydrolyzable tannins differed in potted
saplings placed in light gaps versus shaded forest understory (habitat, F; ;5= 0.19, P =
0.6624 and F; 25= 0.24, P = 0.6311, respectively). Notably, condensed tannin levels
increased in shade leaf saplings placed in the sun habitat relative to shade leaf saplings
placed in the shade habitat (Figure 2.4B). For condensed tannins, this habitat x leaf type
interaction was highly significant (F;2=15.63, P = 0.0005), while for hydrolyzable

tannins, this interaction was marginally significant (F; 2s= 4.16, P = 0.0510).
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Discussion

In the first field experiment to manipulate Q. alba leaf phenotype (sun or shade
leaves) and forest light environment (light gap or shaded understory habitats) factorially,
we found that late-season folivory was strongly affected by forest habitat, and not leaf
phenotype, despite the distinct and persistent physical and chemical phenotypes of sun and
shade leaves. Potted saplings in shaded forest understory habitats experienced almost 2
times higher folivory by chewing herbivores than those in light gaps, regardless of leaf
type. The lack of leaf type effects on herbivory suggest that in this system, the primary late-
season herbivores do not appear to be deterred by the higher toughness and lower water
content of sun leaves as is generally predicted (Feeny 1970; Coley 1983).

This differential folivory occurred despite a lack of detectable differences in July
herbivore density among light gap and shaded understory habitats. This suggests that the
primary folivores may consume more leaf tissue per capita in the shade (Muth et al. 2008).
Potential mechanisms underlying greater per capita consumption include higher
consumption rates, longer foraging periods, and/or slower growth rates resulting in longer
development time in the shade (Scriber & Lederhouse 1983; Levesque, Fortin & Mauffette
2002; Niesenbaum & Kluger 2006). These differences may be at least partly mediated by
lower ambient temperatures in the shade (Scriber & Lederhouse 1983; but see Niesenbaum
& Kluger 2006).
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Alternatively, folivores may be mobile and prefer shaded habitat, resulting in
herbivore density differences that were not detected in the mid-summer census period.
Light gaps and other full-sun habitats are likely to be physiologically challenging
environments for herbivores due to heat stress and the risk of desiccation (Denlinger &
Yocum 1998) and may limit the amount of time herbivores spend associated with or spend
feeding on plants in the sun. Our results suggest that physiological constraints and/or
microhabitat preferences likely play a more important role than leaf quality in determining
community-level patterns of herbivory in Q. alba.

Greater herbivory in shaded versus sunny habitats has been recorded in several
forest types, including temperate, subtropical, and tropical forests (Lowman 1992, Coley &
Barone 1996, Muth et al. 2008). In addition, at least two studies have shown that although
herbivory was higher in the shade, herbivore density did not differ between sun and shade
habitats, consistent with the results of our study (Muth et al. 2008; Guerra, Becerra &
Gianoli 2010). We found that although herbivore density did not differ between forest
habitats, the density of herbivores was more than 3 times higher on sun leaf saplings than
on shade leaf saplings. This result is somewhat unexpected since sun leaves appear to
provide lower quality food for herbivores, based on the chemical and structural properties
measured in our study and in others (e.g., Mattson 1980, Scriber & Slansky 1981, Coley
1983). However, at least one study has shown that herbivore conversion efficiencies of leaf
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area to biomass are higher when feeding on sun leaves relative to shade leaves
(Niesenbaum & Kluger 2006), allowing faster development and enhancing one measure of
herbivore performance. Further, because most of the herbivores associated with Q. alba are
generalists, this herbivore community may be less sensitive to subtle differences in
intraspecific leaf quality or defenses. Notably, in a recent study manipulating the phenotype
of Q. alba leaves within only one habitat, shaded forest understory, Barber and Marquis
(2011) also found that herbivore density was significantly higher (41%) on sun leaf
saplings compared to shade saplings, though they found correspondingly higher folivory on
sun leaf saplings. Because we only measured herbivore and predator density once, we do
not know how herbivore densities vary throughout the summer. For example, differential
herbivore densities in sun and shade habitats early (Hochwender et al. 2003) or late in the
summer when herbivore densities are generally higher than in the mid-summer (Wold &
Marquis 1997) may lead to greater accumulation of folivory in the shade by the end of
summer. Because potted saplings were not placed in the forest until late June, the 15-20%
higher late-season folivory of controls relative to potted saplings indicates that from spring
to early summer, before oak leaf expansion and hardening are complete, is a critical period
during which more than half of the seasonal folivory occurs. This difference in folivory

between control and potted saplings is likely due in large part to increased opportunities for

84



colonization and establishment of insects on control saplings during the spring, early
summer and the previous year.

As predicted, the light environment that saplings were exposed to during early leaf
development determined leaf phenotype more than the light environment later in
development. Most components of sunlight-induced foliar phenotypes remained fixed
throughout the growing season, regardless of placement in reciprocal light environments,
but several traits showed limited responses to forest habitat, including foliar tannin levels,
leaf water content and leaf toughness. Hydrolyzable and condensed tannin levels increased
when placed in either reciprocal light environment, while water content and toughness
shifted to match their light environments by late-season (e.g., leaf water content increased
while toughness decreased in saplings placed in shade habitats). Foliar phenotypes of
control saplings were generally similar to potted saplings of the same treatment
combination, suggesting that the potted saplings were a reasonable proxy for the effects of
sunlight on Q. alba saplings in nature. Observed differences in leaf chemistry between pots
and controls may have been due to ontogenetic effects (Boege & Marquis 2005), as
controls were often branches of larger and older saplings, and differences in water content
and SLA were expected given that control saplings were not provided with supplemental

water.
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Increased sunlight intensity has been shown to increase foliar tannin concentrations
(Hemming & Lindroth 1999; Yamasaki & Kikuzawa 2003) and UV stress leads to
increased synthesis of condensed tannins in poplar leaves (Mellway et al. 2009). Phenolics
can play an important role as photoprotectants via antioxidant properties (Close &
McArthur 2002). Quercus alba shade leaf saplings placed in full sun habitats were likely
under increased light stress compared with shade leaf saplings placed in the shade, leading
to an increase in foliar tannins that may have prevented photodamage.

However, this does not fully explain the leaf type x habitat interaction, as sun leaf
saplings placed in the shaded understory had the highest concentrations of condensed
tannins among the potted saplings. Because these saplings also suffered high folivory, these
increased tannin levels may be the result of induction (Schultz & Baldwin 1982, Hunter &
Schultz 1995), however our design did not allow us to separate cause and effect in tannin
concentrations. Recent work suggests that hydrolyzable tannins have greater oxidative
activity and therefore may be more effective defenses against insect herbivores than
condensed tannins (e.g., Barbehenn et al. 2006, Schweitzer et al. 2008). In our study,
condensed tannins showed the greatest increase when placed in reciprocal light
environments, whereas hydrolyzable tannins showed less response to forest habitat
treatments. However, consistent with our results, induced tannin levels do not necessarily
result in decreased herbivory (Faeth 1992). In addition, sun leaves often have higher
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antioxidant levels than shade leaves (Schwanz et al. 1996; Garcia-Plazaola et al. 1999),
which may be beneficial to insect herbivores in combating oxidative stress (Johnson &
Felton 2001). Future experiments will test how the physical and chemical properties of sun
and shade leaves documented here, in concert with sun and shade habitat characteristics,
interact to affect herbivore performance and natural enemy pressure in nature.

We conclude that sunlight level during leaf expansion and hardening has strong
effects on Q. alba leaf phenotype, with shade leaf traits tending to be associated with
higher nutritional quality for insect herbivores. However, despite the fact that shade leaves
were larger, higher in water and nitrogen content, not as tough, and lower in tannins, late-
season folivory did not differ between sun and shade leaf types. Instead, we show that
forest habitat, not leaf phenotype, is the most important factor for folivory suggesting that
herbivore microhabitat preferences or physiological constraints may outweigh the effects of
leaf quality. To our knowledge, ours is the first study to show an explicit interaction
between leaf type and light environment effects on foliar tannin levels in the field.

Taken together, these results suggest that both leaf phenotype and forest habitat,
two factors that are frequently confounded in nature, affect leaf quality and herbivore
pressure independently. These findings have important implications for plant-herbivore
interactions following forest fragmentation or new tree falls, when shade leaves may be
present in sunny habitats and may help explain patterns of herbivory in understory plants
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with early leaf-flushing phenology relative to the canopy, when sun leaves are present in
the shaded understory. These findings also help us to predict how light environment may
affect herbivore responses to habitat edges and how herbivore dynamics are likely to differ

in forests of varying successional stages.
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Table 2.1. Potted Quercus alba (white oak) sapling traits by leaf phenotype (sun or shade) during leaf treatments on the roof
before and after placement in sun and shade forest habitats. ‘Controls’ are naturally-ocurring Q. alba saplings or branches of
larger trees in the same sun and shade forest habitats included to account for any ‘pot” effects. Values are shown as mean + 1 SD.
Statistical significance in leaf phenotype differences prior to placement in forest habitats (‘Spring” and ‘Early-season’, below) is
based on two-tailed t-tests (pots and controls tested separately). Statistical significance in leaf type, habitat (fully-crossed, fixed
factors), leaf type x habitat interaction, and block (random) following placement in forest habitats on June 30, 2010 (‘Mid-season’
and ‘Late-season’, below) was tested with mixed-model ANOVA. However, leaf type was the only factor that was ever significant
in these analyses. In these ‘mid’ and ‘late-season’ analyses, control saplings were combined with potted saplings of the same
treatment type (when no ‘pot’ effects were evident). When ‘pot’ effects were evident (indicated with *), they were tested
separately (see ‘Data Analysis’ for more detail). Statistically significant differences are in bold; different sequential subscript
letters denote significant differences at o = 0.05. Percent values were arcsine square root transformed prior to analysis to improve

normality of residuals. See Materials and Methods for details regarding the measurement of each trait.
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SAMPLING RooF RoOOF CONTROL CONTROL
PERIOD/TRAIT SHADE LEAF SUN LEAF SHADE SUN

SPRING

Budbreak date 17-Apr £ 6.9 13-Apr + 4.5° Not measured

(SD in days)

Leaf greening date 1-May +5.2° 28-Apr +5.5° Not measured

(SD in days)

Initial sapling height  180.9 + 11.9° 183.6 + 8.4° 204.7 + 33.8* 186.3 + 36.0%
(cm)

Trunk diameter 1.44+0.12% 1.48 £0.10° Not measured

(cm)

EARLY-SEASON

(LATE JUN.)

N leaves/sapling 218.7 +69.2° 278.1+101.7* 192.2+70.4°  219.7 +60.8"
Single leaf area 53.6 +30.3% 30.0+£16.1°  42.4+8.6" 41.2 +8.7%
(cm’)

Total leaf area/ 1.12 +0.29% 0.82+0.27° 0.82 + 0.36" 0.90 + 0.30*
sapling (m?

N shoots/ 405+ 17.6° 46.7 £ 10.7% 70.4 + 37.6" 79.0 + 43.1%
sapling

New shoot length 7.2 £2.8 6.0+2.3° 2.5+0.65" 3.7+1.4
(cm)

Leaf density 1.44 +0.64° 1.67 +£0.64° 1.36 £ 0.37 1.08 £0.32Y
(N Ivs/cm shoot)

Leafztoughness 480.5 +46.0° 653.5 +70.6° 391.2+63.6" 517.4+107.9"
(I m®)

Leaf thickness 0.15 +0.01° 0.18 +0.01% 0.16 +0.02” 0.18 +0.02*
(mm)

Leaf water content 55.4 +25° 51.1+1.8" 56.8 + 3.6" 53.8+ 25
(%)

Specific leaf area 169.8 + 15.0° 91.7+95° 165.0 + 38.8*  126.7+25.17

(leaf area/dry mass)
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FOREST FOREST CONTROL CONTROL ANOVA:
SHADE HABITAT SUN HABITAT CONTROLS V.
SHADE SUN
SHADE LEAF SUN LEAF SHADE LEAF SUN LEAF LIKE POTS

ONLY

MID-SEASON

(LATE JUL.)

Leaf nitrogen 3.47 +£0.27° 3.05+0.16° 3.38 +£0.20° 3.04 +0.23° 3.04 £ 0.19" 2.95+0.14* Pot: *

(%)

Leaf carbon 48.02 + 0.88° 49.62 + 0.50° 47.91 +0.70° 49.11 + 0.90? 48.70 + 0.19" 49.10 + 0.75"

(%)

Carbon: nitrogen 13.90 +0.97°  16.28 +0.80% 14.20 + 0.76° 16.20 +1.03* 16.52 + 0.84" 16.20 + 1.20% Pot: *

LATE-SEASON

(MID SEP.)

Leaf 2toughness 4444 +56.0° 596.6+73.3° 4709 +705° 627.2+61.2° 4565+755° 554.8+92.3°

(Im?)

Leaf thickness 0.15+0.01° 0.19 + 0.02? 0.15+0.01° 0.19 + 0.01° 0.15+0.02° 0.18 + 0.01?

(mm)

Leaf water content 56.3 +2.2% 55.6 +1.2% 543 +2.1% 548+22% 55.6 + 1.8" 51.7+2.8 Pot: *

(%)

Specific leaf area 157.8 +13.9° 100.3+12.5° 147.8 £ 15.4% 93.7+11.7° 163.4 + 21.0% 1145 + 16.1Y Pot: *
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Figure Legends

Figure 2.1. One of the 15 experimental blocks, which all contained a light gap
(foreground) and shaded understory habitat (background) at the study site, Little Bennett
Regional Park, Clarksburg, MD. Each block contained six trees total, since each habitat
contained one potted Quercus alba sapling of each of the two leaf phenotypes, sun leaf or
shade leaf (indicated by arrows), and one ‘control” Q. alba sapling or branch naturally-

occurring in each habitat. Photo credit: Teresa Stoepler.

Figure 2.2. Mean density of insect herbivores per sapling on potted and naturally-occurring
Q. alba saplings by leaf phenotype (sun or shade leaves) in a mid-season arthropod census
on July 28, 2010 (leaf type, F173 =5.99, P = 0.0168). Density is measured as the number of
herbivores per m? foliage per sapling; each bar represents the mean of 45 saplings. Error

bars indicate + 1 SEM.

Figure 2.3. Late-season (September) mean proportion of leaf area consumed by chewing
herbivores per sapling per treatment on potted and ‘control’ Q. alba saplings by forest
habitat (shade or sun). Solid bars: potted saplings (habitat, F1 23 = 6.93, P = 0.0149; hatched
bars: ‘control’ Q. alba saplings naturally occurring in sun and shade habitats used to

control for pot effects. Bars represent the mean proportion of leaf area consumed from 45
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leaves, spread over the height of the plant (controls: n = 6 -7 plants; pots: n = 13 — 14

plants). Error bars indicate £ 1 SEM.

Figure 2.4. Mean percent tannin equivalents of leaves of potted and naturally-occurring Q.
alba saplings as (A) hydrolyzable tannins (potassium iodate assay) and (B) condensed
tannins (N-butanol assay) by leaf phenotype (shade or sun) and forest light environment
(shaded understory or sunny light gap). Shaded bars indicate shade leaf phenotype; white
bars indicate sun leaf phenotype; hatched bars indicate ‘control’ Q. alba saplings naturally
occurring in sun and shade habitats used to control for pot effects. Although ‘pot’ effects
were only significant in hydrolyzable tannin levels, ‘pots’ and ‘controls’ are shown (and
were tested) separately in both panels for clarity. Each bar represents the mean of one bulk
sample of 3 leaves per sapling collected in mid-summer (30 July 2010); n = 8 saplings.
Different letters above bars indicate significant differences based on TUKEY’S HSD tests on

least square means of transformed data. Error bars indicate +1 SEM.
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Figure 2.1
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Figure 2.2
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Figure 2.3
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Figure 2.4
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CHAPTER 3: DIRECT AND INDIRECT EFFECTS OF LIGHT ENVIRONMENT ON

HERBIVORE PERFORMANCE AND PARASITISM

Abstract

A variety of ecological factors may influence host use by insect parasitoids,
including both abiotic and biotic factors. Light environment is one important abiotic
parameter that differs among habitats and is known to influence a suite of plant nutritional
and resistance traits which in turn affect herbivore performance. However, the extent to
which these bottom-up effects cascade up to affect higher trophic levels and the relative
importance of direct and indirect effects of sunlight on tritrophic interactions are unclear.
Here, we asked: what are the direct and indirect effects of light environment on host use by
parasitoids? Specifically, we aimed to understand how light environment (light gap v.
shaded forest understory) and leaf type (sun v. shade leaves) affected the performance and
incidence of parasitism of two species of moth larvae, Euclea delphinii Boisduval and
Acharia stimulea Clemens (Limacodidae).

We manipulated the leaf phenotype of potted Quercus alba L. (white oak,
Fagaceae) saplings by growing them in either full shade (under 90% light reduction shade
cloth) or full sun during leaf expansion and hardening. These saplings were then
transported to the forest, factorially placed in light gap and adjacent shaded habitats in the
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forest, and stocked with sentinel larvae to be exposed to parasitism (‘exposed’ or tritrophic
experiments). Additional larvae were reared in sleeve cages (protected from parasitism) to
isolate light environment and leaf treatment effects on larval performance in the absence of
enemies (‘bagged’ or bitrophic experiments).

In the ‘exposed’ experiments, we found that light environment strongly affected the
likelihood of parasitism, while leaf type effects were more subtle. Euclea delphinii larvae
were 4.6 - 11.5 times more likely to be parasitized in sunny light gap habitats than in
shaded understory habitats. This pattern was consistent for both tachinid fly and wasp
parasitoids across two separate experiments.

The ‘bagged’ experiments revealed that the larval performance of both species was
maximized in the shade habitat + sun leaf treatment, a habitat/leaf type combination that
occurs infrequently in nature. Overall, our results suggest that 1) the direct effects of light
environment on the incidence of parasitism supersede any indirect effects resulting from
altered leaf quality and 2) an inherent ecological tradeoff exists for herbivores choosing
between sunny (leaf quality high, harsh environment, high parasitism) and shaded (leaf
quality low, less harsh environment, reduced parasitism) habitats. These results suggest that
herbivores in high light environments, such as edges or other open habitats, may experience

high parasitism with important implications for habitat fragmentation.
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Key Words: abiotic, bottom-up, Braconidae, ecological tradeoff, Eulophidae, habitat, host
use, Limacodidae, white oak, parasitoid, sun leaf, shade leaf, Tachinidae, top-down,

tritrophic

Introduction

Abiotic environmental factors often mediate bottom-up and top-down forces
(Dunson and Travis 1991, Hunter and Price 1992, O'Connor 2009, Hoekman 2010) and
have the potential to both directly and indirectly influence trophic dynamics. For example,
abiotic factors that vary with habitat, such as light and nutrient availability, may interact to
influence plant growth rate, secondary chemistry, nutrient content and palatability to
herbivores (Larsson et al. 1986, Chapin et al. 1987, Price et al. 1989). Habitat may
influence an herbivore’s vulnerability to predation or parasitism directly if natural enemies
preferentially forage in certain habitat types (Salt 1935, Vinson 1976, Ohsaki and Sato
1999), or indirectly by altering the herbivore’s quality as a prey or a host for the third
trophic level, thereby changing its likelihood of attack (Moon et al. 2000).

Light environment is one important abiotic factor that varies among habitats and is
likely to influence multiple trophic levels (Roberts and Paul 2006). Natural sunlight
gradients commonly occur on multiple scales in both space (e.g., within and among plants),
and time (e.g., within a day or within a season). In addition, anthropogenic light gradients
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occur as a result of habitat fragmentation, with higher incidence of sunlight associated with
forest edges (Murcia 1995). Light level is known to influence a suite of plant nutritional
and resistance traits (e.g., leaf toughness, carbon-based secondary chemistry, leaf nitrogen
levels and leaf water content; Nichols-Orians 1991, Coley and Barone 1996, Forkner et al.
2004) which can in turn affect herbivore performance, and sunlight is likely to have both
direct and indirect effects on parasitoid foraging behavior (Vinson 1976, Godfray 1994).
Lab studies have found that parasitoids exhibit increased ability to locate hosts under high
light conditions (Gu and Dorn 2001) and incidence of parasitism is higher under high light
intensities (Zilahi-Balogh et al. 2006) relative to low light conditions. In the field,
herbivores suffer higher predation rates in light gaps compared to the shaded understory in
tropical forests (Harrison 1987, Richards and Coley 2007, 2008). Temperate tachinid fly
parasitoids (Stireman 2008), tropical hymenopteran parasitoids (Paniagua et al. 2009) and
arthropod predators (Richards and Coley 2007) appear to be more abundant in sunny
habitats than in shaded ones, although these may be density-dependent responses to higher
herbivore abundance in these high productivity habitats (Sobek et al. 2009). Similarly, in
choice trials, the parasitoid, Cotesia plutellae, preferred host larvae reared under conditions
of increased UV-B relative to UV-B-depleted environments, however, in this study the
authors were unable to separate the direct effects of UV-B exposure on host larvae and
parasitoids from the indirect effects on host plants fed on by the larvae (Foggo et al. 2007).
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Although these studies suggest that natural enemy pressure tends to be higher under high-
light conditions in both temperate and tropical systems, they have not identified the
potential mechanisms by which this may occur or controlled for differences in herbivore
density between habitats. The question of how parasitoids respond to light gradients in the
field when the abundance of hosts is held constant has not been well studied.

From an herbivore’s perspective, it is unclear whether leaves growing in habitats
with high or low light levels would optimize performance (Fortin and Mauffette 2002,
Henriksson et al. 2003, Connor 2006). In general, primary productivity and nutrient content
tend to be higher in sun leaves, but carbon-based defensive compounds are also often
higher while water content is typically lower (Aide and Zimmerman 1990, Dudt and Shure
1994, Henriksson et al. 2003).

From a parasitoid’s perspective, in sunny habitat patches where primary
productivity is high, nitrogen-rich plant tissue may increase herbivore growth rate, and
result in more vigorous hosts. Thus, parasitoid fitness may be maximized by choosing hosts
in the sun that provide greater quantity or quality of resources for their offspring.
Alternatively, vigorous growth may lead to superior immune response in host herbivores,
and allow increased encapsulation of parasitoid eggs and larvae (Smilanich et al. 2009).
Under these conditions, parasitoid fitness may be maximized by choosing hosts in the
shade. Although variation in light levels within a forest causes distinct differences in plant
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quality, the extent to which these bottom-up effects cascade up to affect higher trophic
levels is unclear. We still do not understand the relative importance of direct and indirect
effects of habitat on insects, especially for the third trophic level.

Here, we asked: how does light environment (light gap v. shaded forest understory)
and leaf type (sun v. shade leaves) affect the performance and incidence of parasitism of
two species of moth larvae, Euclea delphinii and Acharia stimulea (Limacodidae)? Using
potted host plants induced to produce sun or shade leaves and factorially placing these
plants in sun and shade habitats in the forest, we estimated the relative importance of light
environment (direct) and leaf type (indirect) on host-parasitoid interactions. By
manipulating leaf type independent of light environment, these experiments provide novel
insights into the relative influences of direct versus indirect pathways of interaction in
determining parasitoid host selection.

We hypothesized that both leaf type and light environment would affect the
incidence of parasitism of larvae, but because no previous studies to our knowledge have
isolated these effects on parasitism, it was unknown which factor would be more important.
We predicted that: 1) overall parasitism would be greater in light gaps compared to
adjacent shaded understory habitat due to parasitoid preference for foraging in sunny, high
productivity habitats, 2) the two primary parasitoid guilds, wasps and flies, would respond
differently to leaf type effects based on their divergent life history strategies. The dominant
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tachinid fly parasitoid has a prolonged period of host association, remaining contained
within the host’s body as the host continues to feed and grow on the host plant (Stoepler et
al. 2011). In contrast, wasp parasitoids in this system, though still technically koinobionts,
develop and emerge quickly (Stoepler et al. 2011). Therefore, we predicted that tachinids
which spend much longer within the host larva should be more sensitive to leaf type

(indirect) effects than wasp parasitoids.

Methods
Study System

Larvae in the family Limacodidae feed externally on mature foliage June-October
in eastern North America. Many species are brightly colored (aposematic) and have
physical and chemical defenses, including stinging spines, while others are behaviorally
and morphologically cryptic (Murphy et al. 2010). Limacodid larvae suffer high mortality
from both parasitic flies (Tachinidae) and wasps (mainly Eulophidae, Braconidae and
Ichneumonidae), most of which are restricted to limacodid hosts but attack multiple species
within the family (Stoepler et al. 2011, Gates et al. 2012). Limacodids are among the most
polyphagous caterpillars known and individual species utilize dozens of host plant species
(Wagner 2005). However, each larva is largely restricted to feeding on the host plant
individual chosen by its mother (Wagner 2005). Therefore, limacodids are excellent study
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organisms for field experiments because sentinel larvae can be deployed and then reliably
recollected from the same host plant to assess mortality from natural enemies. Here, we
used two species of spiny limacodid caterpillars, Euclea delphinii Boisduval and Acharia

stimulea Clemens (Euclea and Acharia, hereafter; Figure 3.1).

Experimental design and host plants

To isolate the effects of light environment (light, hereafter) and foliar phenotype
(leaf type, hereafter) on host larva performance and parasitism, we took a potted-plant
approach. Naturally-occurring light gap and adjacent shaded forest understory sites were
chosen within our study site, Little Bennett Regional Park (LBRP, Montgomery County,
MD; 39° 159’ N, 77° 16.7° W; Elev: 500 m), a 13 km? secondary forest dominated by
beech, oak and hickory. To avoid the confounding effects of interspecific variation in host
plant response to light, we chose to focus on one canopy dominant host plant species,
Quercus alba L. (white oak, Fagaceae), that naturally occurs along a gradient of light levels
and that is known to vary in tissue quality with light (Le Corff and Marquis 1999, Forkner
et al. 2004, Barber 2009). The leaf type of 2 m-tall potted white oak saplings was
manipulated by growing the plants in either full sun (n=30) or full shade (under black 90%
light reduction shade cloth, n=30) during budbreak and throughout leaf expansion and
hardening to produce sun and shade-leaved saplings, respectively (Chapter 2). White oak
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sun leaves were tougher, thicker, higher in carbon content, C:N ratio, and hydrolyzable and
condensed tannins, lower in nitrogen and water content, and smaller in leaf area relative to
shade leaves (Chapter 2, Table 2.1). After leaves were fully expanded and hardened in June
2010, saplings of each leaf type were factorially placed in the field in both sun (light gap)
and shade (shaded forest understory) habitats in 15 blocks in a full-factorial randomized
complete block design with the factors light (sunny light gap vs. shaded forest understory)
and leaf type (sun vs. shade leaves) (Figure 2.1). Using potted plants allowed us to control
for leaf age, plant size and growth stage, each of which has been shown to affect leaf
palatability to herbivores (Coley 1980, Boege and Marquis 2006) and which have unknown
effects on host-parasitoid interactions. Naturally-occurring size-matched white oak saplings
or branches of larger trees in each light gap and shaded understory habitat were also used to
account for any ‘pot’ effects (“natural” trees hereafter, n=1/habitat type/block).

One limitation of using natural variation in light levels is that the effects of other
unmeasured abiotic variables that covary with sunlight level (e.g., temperature and relative
humidity) were likely to have contributed to observed herbivore and parasitoid responses.
However, because we were interested in the effect of the habitat as a whole on these
responses and because abiotic variables such as temperature and relative humidity will
covary with light level in all natural habitats, we consider these variables part of the
accompanying sun and shade habitats.
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Host larvae

All Euclea and Acharia host larvae were reared in the lab from ongoing moth
colonies (supplemented with wild genotypes) and fed white oak leaves of their assigned
leaf phenotype (sun or shade) prior to their use in either the ‘bagged’ or ‘exposed’
experiments. At least 30 different females provided larvae for the experiments; larvae from
each female were divided among treatments, and each tree contained larvae from at least 3

different females to homogenize possible genetic (family) effects.

Bitrophic experiment—‘Bagged’ host larvae

To assess the effects of light and leaf type on larval performance in the absence of
enemies, one cohort of each of the two herbivore species, Euclea and Acharia, was reared
separately in sleeve cages (“bagged”) on each of the saplings in 8 out of the 15 total blocks.
‘Bagged’ experiments were timed to match the natural phenology of each species: Euclea:
Jul. 14 - Aug.11; Acharia: Aug. 19 - Sep. 16 (Murphy et al. 2011). One sleeve cage (green
mesh bag, 1 mm? holes) containing 3 individual larvae was placed around a branch of each
potted sapling and natural tree and secured with a drawstring (n= 3 larvae/bag x 1
bag/sapling x 6 saplings/block x 8 blocks = 144 larvae of each of Euclea and Acharia).
Prior to enclosing larvae and leaves in the bag, each branch was inspected and any
arthropods, especially predators, were removed. These bags have been shown to have a
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negligible effect on larval performance in the field (apart from protection from natural
enemies; Murphy 2004). The bags and larvae were rotated within the canopy of the sapling
to provide fresh leaves as needed. The initial body length of each larva was measured when
larvae were placed in bags and then once per week thereafter to the nearest 0.01 mm using
calipers (Euclea initial mean (range) larval length: 6.2 (4.2 - 7.4) mm; Acharia: 7.5 (5.1 —
13.7) mm]. These lengths were then converted to body mass using previously generated
length: mass standard curves for each species to calculate mean relative growth
rate/larva/day (mg) (Murphy et al. 2011) based on 2 — 4 growth intervals for each larva. In
relative growth rate calculations, the size rankings within each bag were assumed to be the
same based on the previous week’s census (i.e., the smallest larva in the last census was
assumed to be the smallest larva in the next census, etc.). Larvae were reared in the bags for
the majority of their larval development (approx. 4 weeks) until most had pupated (formed
a cocoon) at which point all pupae and remaining larvae were collected and brought back to
the lab in individual 540-mL plastic deli containers with a moistened filter paper disc.
Collected larvae were fed field-collected white oak leaves of their assigned leaf type (sun or
shade white oak leaves) in the lab until they pupated. The total larval development time
(number of days from egg hatch to cocoon formation) of each larva was calculated and
each cocoon was weighed to the nearest 0.01 mg to quantify fresh cocoon mass (= pupa +
cocoon mass), a fitness correlate for these species (Murphy et al. 2011).
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Tritrophic experiments— ‘Exposed’ host larvae

To assess the effects of light and leaf type on herbivore parasitism, each of the
white oak saplings was stocked with 3 separate cohorts of sentinel host larvae exposed to
natural parasitism, timed to match their natural phenology and overlapping with the
‘bagged’ experiment. Two cohorts of Euclea (‘early’ exposed: Jul. 16 - 21 and ‘late’
exposed: Aug. 10 -16, respectively) and 1 cohort of Acharia (exposed Aug. 25 - 30) were
used in experiments. Each sapling received 5 (Euclea cohorts) or 4 larvae (Acharia cohort).
Each larva was deployed on a separate branch and the petiole of the leaf each one was
placed on was marked with a small piece of uniquely colored wire to aid in relocation (total
exposed larvae deployed: Euclea 5 larvae/sapling x 6 saplings/block x 15 blocks = 450
larvae/cohort x 2 cohorts; Acharia: 4 larvae/sapling x 6 saplings/block x 13 blocks = 312
larvae). The original experimental design included 2 cohorts of 450 larvae for both species;
however, insufficient Acharia larvae were produced by lab colonies to allow for a second
cohort. All larvae were fed field-collected white oak sun- or shade- leaves according to
their assigned leaf type in the lab for 10 - 14 days prior to each experiment so that any leaf
type treatment effects on larvae would be manifested prior to exposure to parasitism.
Because host size is an important determinant of parasitoid host selection in these
caterpillars (Stoepler et al. 2011), the initial length (mm) of each larva when it was
deployed and its length at the time of collection were measured using calipers. Larval
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length at time of recollection was used as a covariate in all analyses of ‘exposed’
experiments [Euclea ‘early’ exposed mean (range) length at collection: 9.1 (4.4 - 19.3) mm,
Euclea ‘late’ exposed: 17.3 (8.9 - 23.1) mm, Acharia exposed: 14.2 (6.1 - 22.5) mm].

Most larvae were exposed to parasitism for 5-6 days however, some of the Euclea
‘early’ exposed larvae were exposed to parasitism for shorter periods because they were
observed to be parasitized in censuses prior to the 5-6 day recollection period, or for longer
periods because they were missed during initial recollection censuses but later recovered
(Euclea ‘early’ exposed mean number of days exposed + SE: 6.0 + 0.43, range: 1-25 days).
To account for this variation in the length of time exposed to parasitism, the number of
days exposed to parasitism was used as a covariate in all analyses of Euclea ‘early’
exposed incidence of parasitism. Because we were interested in isolating only the responses
of parasitoids to the light and leaf type treatments, all saplings were systematically checked
for arthropod predators at the beginning of each exposed experiment and during each
census for exposed larvae. All potential predators of experimental larvae were removed
from saplings. In addition, a ring of double-sided Velcro covered in Tanglefoot was applied
to the base of each sapling to reduce the abundance of predators immigrating to the trees.
Following exposure to parasitism, each sapling was systematically searched by at least two
people and all recovered experimental larvae were recollected and brought back to the lab.
Recollected larvae were individually reared in plastic deli containers with a moistened filter
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paper disc and fed fresh field-collected sun- or shade- white oak leaves according to the
leaf type they were assigned in the field until they died, a parasitoid emerged, or they
pupated (i.e., leaf type treatments were continued in the lab throughout larval
development). Because naturally-occurring limacodid larvae occur at extremely low
densities at LBRP (< 1 larva/m? foliage, Stoepler et al. 2011), all experimental trees were
censused regularly, and larvae do not migrate among trees (Lill and Stoepler, pers. obs.),
we are confident that all of the larvae that we recollected are the same ones we
experimentally deployed. All naturally colonizing wild limacodid larvae found during
censuses were also collected and the light environment, leaf type, sapling number and block
they were found in were recorded to provide preliminary data on how light and leaf type
affect limacodid moth habitat and host plant selection (Appendix 4).

All emerged parasitoids were sexed and identified to genus (or species where
possible) using Gates et al. (2012). Unemerged parasitoids generally were not identifiable
beyond family or order. The incidence of parasitism was calculated as the ratio of the
number of recovered parasitized larvae out of the total number of recovered larvae in each
cohort. Parasitism estimates are based on attack rates for the dominant genus of tachinid
flies, Austrophorocera sp., which lay external, visible eggs on the host (Lill and Stoepler,
pers. 0bs.), and on the outcome of parasitism for wasp parasitoids for which attack rates are
typically unknown (wasps leave no evidence of attack). Recovered larvae that subsequently
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died were not considered parasitized by a wasp unless there was compelling evidence (e.qg.,
parasitoid eggs, larvae or pupae were evident in/on the host larva, characteristic
“mummification” of the larva by a braconid wasp occurred, or an adult parasitoid
emerged); therefore, we consider the results reported here to be conservative estimates of

parasitism.

Data analysis

Prior to each analysis, we first tested for “pot effects” by comparing response
variables in the pots v. those in the natural saplings of the same light environment and leaf
type (i.e., natural saplings in the sun habitats were compared with potted saplings in the
sun habitat + sun leaf treatment and natural saplings in the shade habitats were compared
with potted saplings in the shade habitat + shade leaf treatment). When pot effects were not
significant, natural sapling and pot treatment counterparts (above) were combined for
subsequent analyses, otherwise two separate analyses comparing 1) only natural and potted
saplings of the same light environment and leaf type as above, and 2) only potted saplings,
were conducted. ‘Pot’ effects were only significant for the response variable relative
growth rate.

To test for differences among treatments in larval performance in the bagged
experiments (bottom-up effects), we performed separate ANOVAs for each herbivore
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species for three performance measures: mean relative growth rate larva™ day * (RGR; mg
day™), larval development time (number of days from egg hatch to pupation), and cocoon
mass (pupa + cocoon fresh mass, mg). For each of these analyses, block (random effect),
light and leaf type (fixed effects) and light x leaf type were included as predictor variables
(Proc Mixed, SAS 9.1.3, SAS Institute 2008). Initial larval length was used as a covariate
in RGR analyses because growth rate is often not constant throughout larval development
in these species (Fiorentino et al. in prep). To account for unbalanced replication due to
missing larvae, larval death, or combining potted and naturally-occurring trees of the same
treatment type, Type 111 sum of squares were used in all analyses and the Satterthwaite
option was used for all degrees of freedom calculations in Proc Mixed (Littell et al. 1996).
When models were significant, means comparisons were made using Tukey’s HSD tests.
To test for differences among treatments in the likelihood of parasitism by wasps
and of parasitoid attack by tachinid flies, we performed two separate logistic regressions
with either wasp parasitism or tachinid fly attack as a binary response variable (yes/no) and
block, light, leaf type and light x leaf type as categorical predictor variables (Proc logistic,
SAS). These two separate logistic regressions were run for each cohort of exposed Euclea
larvae (Euclea ‘early’ and Euclea ‘late’). The overall incidence of parasitism of Acharia
larvae was very low; for this cohort only one logistic regression was run with all parasitism
and parasitoid attacks combined as the response variable (parasitized/attacked v. no). For
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Euclea only, exact logistic regressions with all parasitism and parasitoid attacks combined
as the response variable (parasitized/attacked v. no) and light and leaf as the predictor
variables were used to calculate exact odds ratios for the likelihood of parasitism among
treatments.

All full models also included larval length at time of collection (mm) and total
sapling leaf area (cm?) as covariates. For analyses of Euclea ‘early’ exposed parasitism
only, the number of days of exposure to parasitism in the field was used as a covariate.
When full models were significant, non-significant block effects, covariates and interaction
terms were removed from final models. Larvae that were deployed but not recovered were
excluded from parasitism data prior to analyses, reducing final sample sizes as follows:
Euclea ‘carly’: 227 larvae, Euclea ‘late’: 187 larvae, and Acharia: 154 larvae (a 50.4, 41.5
and 49.4% return rate, respectively). Because larvae rarely ever leave their individual host
plant (Lill pers. obs.), unrecovered larvae were assumed to have been predated and are
excluded from analyses of parasitism. Parasitism was also analyzed using percent
parasitism per tree (arcsine square root transformed) as the response variable; however,
results were qualitatively similar. Because analyzing parasitism with individual larvae,
rather than host plant, as the experimental unit allows the inclusion of important covariates
such as larval length and the number of days exposed, we present the former results,
recognizing that individuals on a given tree may not be independent units.
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To explore interactions among parasitoids, we also tested for differences among
treatments in the likelihood of interguild multiparasitism by tachinids and wasps of Euclea
(i.e., host larvae with at least 1 tachinid egg in addition to evidence of wasp parasitism)
with “multiparasitism” as a binary response variables (yes/no) and the same predictor
variables and covariates as above (JMP 9.1.2, SAS Institute 2010). To test for competition
among solitary tachinid flies (Austrophorocera sp.) for hosts, we tested for differences in
Euclea superparasitism using the non-parametric VVan der Waerden test with number of
eggs per larva as the response variable and light environment (sun v. shade) as the predictor
variable (Conover 1999, JMP 9.1.2). Only larvae with at least one egg were used in the
superparasitism analysis. For both the multiparasitism and superparasitism analyses, both

Euclea cohorts were combined to increase sample sizes.

Results
Bitrophic experiment—‘Bagged’ host larvae

The three larval performance variables differed in their response to light and leaf
type treatments, however these differences were generally consistent between herbivore
species. Leaf and light x leaf type significantly affected mean relative growth rate for both
Euclea and Acharia, whereas light alone did not (Table 3.1). Irrespective of light, Euclea
and Acharia larvae fed sun leaves had 26.7 % and 41.6% higher growth rates, respectively,
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compared to larvae fed shade leaves. In both species, these growth rate differences were
driven by the significantly higher growth rate of larvae in the shade habitat + sun leaf group
compared to larvae in the shade habitat + shade leaf group (Figure 3.2).

On average across both light levels, larval development time was 4.1 days (7.3 %)
longer for Euclea and 3.2 days (4.6 %) longer for Acharia larvae fed shade leaves
compared to sun leaves (Table 3.1, Figure 3.3). Light significantly affected Euclea
development time such that larval development required 4.2 more days (7.5% longer) in
shade habitats compared to sun habitats. Similarly, Acharia took 1.4 more days on average
(2.0% longer) to complete development in the shade habitats relative to the sun habitats,
however, this difference was not significant (Table 3.1, Figure 3.3). In both species, larvae
in the shade habitat + shade leaf group took significantly longer to complete development
than larvae in the sun habitat + sun leaf group (Figure 3.3).

Finally, light significantly affected cocoon mass in both species such that cocoon
mass was 17.5% higher for Euclea and 23.5% higher for Acharia larvae in shade habitat
relative to sun habitat, irrespective of leaf type (Table 3.1, Figure 3.4). For Euclea, there
was also a significant light x leaf type interaction, and for Acharia, cocoon mass was 21.4%
higher on sun leaves than on shade leaves irrespective of light (Table 3.1). For both species,
these differences were primarily driven by significantly higher cocoon mass in the shade
habitat + sun leaf group (Figure 3.4).
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Tritrophic experiments— ‘Exposed’ host larvae

For both Euclea ‘early’ and ‘late’ exposed larvae, light was the most significant
predictor of parasitism by wasps and attack by parasitoid flies (Table 3.2, Figure 3.5, 3.6).
Euclea ‘early’ exposed larvae in sun habitats were 4.6 times more likely to be attacked by a
fly or killed by a wasp parasitoid than were Euclea larvae in the shade (Exact logistic
regression odds ratio, P=0.0039), while ‘late’ exposed Euclea in the sun habitats were 11.5
times more likely to be attacked by a fly or killed by a wasp parasitoid than were Euclea
larvae in the shade (Exact logistic regression odds ratio, P=0.0035).

Leaf type did not significantly affect the likelihood of parasitoid attack or
parasitism, except in Euclea ‘early’ exposed larvae attacked by tachinid flies. Within the
shade habitat, the incidence of attack by both tachinid flies and parasitism by wasps was
higher for larvae feeding on shade leaves than on sun leaves, although this difference was
only significant for tachinid attacks in Euclea ‘early’ (Table 3.2, Figure 3.5A, B, Figure
3.6A, B). Within the sun habitat, neither the incidence of tachinid attack nor wasp
parasitism differed between leaf types (Figure 3.5A, B, Figure 3.6A, B). In both Euclea
cohorts, the incidence of wasp and fly parasitism was lowest for larvae in the shade habitat
+ sun leaf treatment (Figure 3.5A, B, Figure 3.6A, B).

For Euclea ‘early’ exposed larvae, a greater number of days of larval exposure
significantly increased the likelihood of wasp parasitism, but not tachinid fly attack (Table
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3.2). Smaller larvae were significantly more likely to be parasitized by wasps than were
larger larvae in both Euclea cohorts (Table 3.2). Larval length also affected fly parasitoid
attack in Euclea ‘early’ but in the opposite way it affected wasp parasitism; larvae attacked
by tachinid flies were 11.8% larger than larvae that were not attacked (mean length + SE
‘attacked’: 9.8 + 0.3 mm; not attacked: 8.7 £ 0.2 mm) (Table 3.2). There was a significant
block effect on fly parasitism of Euclea ‘late’ exposed (Table 3.2), but not for fly
parasitism in Euclea ‘early’ or for wasp parasitism of either Euclea cohort. There was
never an effect of light x leaf type or of sapling total leaf area on parasitism by wasps or
attack by flies (P > 0.25 for all factors; both removed from final models).

In contrast, for Acharia, there was no effect of block, pot or light (overall model
likelihood ratio: ¥*14=20.99, P=0.1018) or of light, leaf type or light x leaf type (overall
model likelihood ratio: y%s=2.97, P=0.3955) on the likelihood of parasitism. However, the
low overall incidence of parasitism for this species (< 1 - 18%, almost exclusively by
wasps) likely made it difficult to detect differences among treatments. Wasps that
parasitized Acharia included Platyplectrus americana (n=4), Pediobius sp. (n=1), other
unidentified (unemerged) Eulophidae (n=5), other unknown Hymenoptera (n=2) and a
“mummifying” braconid/ichnemonid wasp (n=1).

Overall, parasitoids of Euclea included tachinid flies (n=182, 74.9% of parasitism
events) and wasps (n=61, 25.1%). Tachinids recorded to attack Euclea in this study
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included primarily Austrophorocera sp. (n=180, 98.9% of tachinid attacks), one Uramya
pristis (<0.5%), and one Compsilura coccinata Meigan (<0.5%). Hymenopterans recorded
to parasitize Euclea in this study included primarily unidentified (mostly failed to emerge)
“mummifying” braconid/ichnemonid wasps (n=31, 50.8%), Platyplectrus americana
(Eulophidae) (n=6 instances, 9.8% of wasp parasitism), unidentified (failed to emerge)
Eulophidae (n=6, 9.8%), Cotesia empretiae (n=6, 9.8%), Triraphis discoideus (n=5, 8.2%),
and other unknown hymenopterans (n=7, 11.5%).

The relative importance of wasp and fly parasitoids shifted dramatically over the
season. In Euclea ‘early’ exposed, tachinid flies made up 61.7% (n=82) of parasitism
events while wasps comprised 38.3% (n=51). In Euclea ‘late’ exposed, tachinid flies made
up 90.9% (n=100) of the parasitism events, while wasps made up just 9.1% (n=10) of the
total. Overall, in contrast to Euclea, parasitoids of Acharia were primarily wasps (n=15,
83.3%) with only 16.7% tachinid flies (n=3, Austrophorocera sp.).

The incidence of observed multiparasitism by tachinid flies and wasps (i.e., host
larvae with at least 1 tachinid egg in addition to evidence of wasp parasitism) varied with
light, larval length and the number of days exposed to parasitism, but not by leaf type
(Overall model likelihood ratio y%,=25.94, P<0.0001; light: %=8.04, P=0.0046; length:
v%1=5.90, P=0.0152; days exposed: x°1=17.76, P<0.0001; leaf type: y*= 0.02, P>0.50).
Multiparasitism by tachinids and wasps occurred in 20 of 243 total instances (8.23%) of
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parasitism over both ‘early’ and ‘late’ exposed Euclea. Of these, 20% occurred in the shade
habitat while 80% occurred in the sun habitat. Smaller larvae were more likely to be
multiparasitized than larger larvae; this difference was driven by increased wasp parasitism
of smaller larvae. Larvae exposed for a longer period of time in the field were also
significantly more likely to be multiparasitized. Although we acknowledge that these
sample sizes are small, given that these cases only include instances of multiparasitism
involving both of these parasitoid guilds when evidence of both was apparent, these
estimates of interguild multiparasitism are likely to be highly conservative estimates of
actual multiparasitism rates.

For only those Euclea larvae with at least one Austrophorocera sp. (Tachinidae)
egg in both cohorts combined, an average of approximately 0.5 more eggs per larva were
laid on larvae in sun habitats relative to those in shade habitats (mean +SE sun: 2.34 + 0.17,
shade: 1.82 + 0.16 eggs per larva), a small but significant difference (Van der Waerden test,

v*1=3.99, P=0.0459).

Discussion
Bitrophic experiment—‘Bagged’ host larvae

In the absence of predators and parasitoids, the three main larval performance
measures varied in their sensitivity to light or leaf type effects; however, these effects were
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generally consistent between the two herbivore species. In general, the performance of both
herbivore species was maximized in the shade habitat + sun leaf treatment in which both
species had the highest relative growth rates, attained the greatest cocoon mass, and had
relatively short larval development time compared to the three other treatments. In addition,
this is the treatment in which half (7/14) of all the wild limacodid larvae were collected
(Appendix 4), suggesting that female limacodid moths may be actively choosing the
highest quality environment for their offspring. Given that this habitat/leaf type
combination occurs infrequently in nature, this suggests an inherent ecological tradeoff for
herbivores faced with choosing between sun and shade forest habitats. In this system, sun
leaves are superior in quality to shade leaves based on limacodid caterpillar performance,
despite having lower nitrogen and water content, and higher tannins and toughness than
shade leaves (Chapter 2). As limacodid caterpillar phenology restricts them to feeding on
mature leaves, they do not appear to be adversely affected by leaf toughness or high tannin
content given their high performance on sun leaves. However, the sun habitat is likely to be
a physiologically harsh environment where heat and water stress may limit the amount of
time larvae spend feeding, consistent with patterns of less folivory in sunny habitats found
in previous studies (Dudt and Shure 1994, Muth et al. 2008, Chapter 2). Larvae in the sun
habitat may behaviorally thermoregulate by spending more time moving about or resting
on the underside of leaves within their host plant relative to larvae in the shade. Notably,
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larvae in the shade habitat + sun leaf group grew faster than the larvae in the sun habitat
groups, even though ambient temperature, a factor known to be important for larval growth
(Scriber and Lederhouse 1983), is lower in the shade relative to the sun habitat. Planned
future studies will quantify the activity budgets of larvae in sun and shade habitats.

The shade habitat + shade leaf treatment yielded the lowest herbivore performance
values, with the lowest relative growth rate and the longest larval development time for
both species. Despite this, the larvae in the shade habitat + shade leaf group ultimately
attained mean cocoon masses that were not different from the highest cocoon mass group
in Euclea (shade habitat + sun leaf), and not different from the two sun habitat treatment
groups in Acharia. These results suggest that the shade habitat + shade leaf larvae may be
using compensatory feeding to make up for lower quality food (Awmack and Leather
2002).

Block effects were never significant for any performance response variable,
suggesting that there was not significant interblock variation in abiotic habitat parameters
such as temperature, humidity, or soil type that could influence host plant quality and
herbivore performance differentially. Significant ‘pot’ effects were only found in mean
relative growth rates but occurred in both species suggesting that this measure of
performance in particular is sensitive to some aspect of leaf quality that differed between
pots and natural saplings, such as water content or leaf toughness. In Euclea, this ‘pot’
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effect was driven by a lower relative growth rate of larvae in the natural sun tree group
compared to those in the potted sun habitat + sun leaf group (mean RGR + SE sun natural:
9.34 = 0.88 mg/day/larva; sun habitat + sun leaf: 10.73 £ 0.86 mg/day/larva). In Acharia,
larvae from both types of natural saplings (sun and shade) had lower growth rates than

larvae from their respective potted saplings.

Tritrophic experiment—‘Exposed’ host larvae

We found that sunlight level dramatically affected the likelihood of parasitism in
Euclea such that larvae in sunny light gap habitats were up to 11.5 times more likely to be
killed by a parasitoid wasp or attacked by a parasitoid fly than were larvae in adjacent
shaded forest understory. The strong effect of sunlight level coupled with the weak effect
of leaf type on predicting parasitism risk for Euclea indicates that the direct effects of light
override any indirect effects that occur through effects on plant tissue and herbivore traits.
These results corroborate those of several recent lab studies that show that parasitoids
respond to high light levels (Gu and Dorn 2001, Zilahi-Balogh et al. 2006) or to increases
in UV-B radiation (Foggo et al. 2007). One possible mechanism for this is through the
production of herbivore-induced plant volatiles (HPVs) which increases with light level in
some plant species (Maeda et al. 2000, Gouinguene and Turlings 2002). If herbivores
feeding on leaves in the sun induce higher levels of HPVs they may be easier for
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parasitoids to locate than larvae feeding on the same host plant species in the shade. Higher
HPV levels may attract parasitoid wasps in particular, which are generally thought to rely
heavily on olfactory (chemical) cues for host location and selection (van Alphen and Vet
1986). In contrast, tachinid flies, which are thought to primarily use visual cues to locate
hosts (Stireman 2002, Stireman et al. 2006), may more easily locate host larvae in the sun
due to increased visability. If larvae move about the plant more in the sun, this could also
increase their apparency to tachinids in particular, resulting in increased parasitism by
tachinid flies that may cue in on movement (Stireman 2002).

In addition, floral resources or honeydew-producing homopterans which are often
important supplemental carbohydrate resources for foraging adult wasp parasitoids
(Waéckers et al. 2008) may be more abundant in sunny habitats than in shaded forest
understory resulting in higher parasitoid abundance in the sun. However, we did not
observe any flowers or aphids in high abundance in the vicinity of the study trees during
the course of the study. Another possible explanation is that parasitoids are better able to
permeate and navigate open, structurally ‘simple’ habitats compared to structurally
complex habitats such as forest understory (Gols et al. 2005, Wilkinson and Feener 2012).
This may be especially relevant for the small-bodied wasp parasitoids (Kaspari and Weiser
1999, Wilkinson and Feener 2012). In this way, the heterogenous structure of the forest
may act as a refugium for herbivores by impeding parasitoid movement and reducing host
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location efficiency. Finally, parasitoids may simply prefer to forage in the sun due to
thermoregulatory constraints associated with flying insects (Kingsolver & Koehl 1985).
However, very little is known about behavioral thermoregulation in parasitoids.

My finding that both wasps and flies, two different guilds of parasitoids that
specialize on the same host species, both responded to light and leaf type in the same way
suggests that abiotic factors may be more important than biotic factors (such as
interspecific competition for hosts) in this system. This conclusion is further supported by
the significantly higher incidence of multiparasitism involving both flies and wasps in the
sun habitat relative to the shade habitat and the significantly higher incidence of
superparasitism by Austrophorocera sp. in the sun habitats. Given that flies that attack
larvae previously parasitized by wasps never survive to emergence (i.e., the wasp always
“wins”), and only one tachinid fly ever survives to emerge per host (unpublished data),
parasitoid flies in particular should be selected to avoid multiparasitism by foraging for
hosts in areas that reduce this risk. However, Austrophorocera sp. females readily
superparasitize hosts in the lab (Stoepler pers. obs.). Austrophorocera sp. and other
parasitoids that superparasitize their own hosts may be employing a ‘bet-hedging’ strategy
to ensure that one offspring will survive (Blumberg 1997, Sagarra et al. 2000) and larval
competition among fly larvae may ensue within the host (Iwao and Ohsaki 1996, Allen and
Hunt 2001).
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The risk of super- and multiparasitism could be outweighed if larvae in sunny
habitats provide significantly higher quality resources as hosts, or if developing parasitoids
are less likely to survive within hosts in shade habitats for some other reason. For example,
shade-reared larvae may be better defended against parasitism if they have heightened
immune responses compared to larvae reared in the sun. Our limited data on wild
limacodid abundance in shade v. sun habitat suggest that larvae can be found in both
habitat types naturally, as we found approximately equal numbers in sun and shade habitats
(Appendix 4). Similarly, Lill et al. (2006) found that total limacodid density did not differ
in the canopy compared to the shaded understory on white oak trees in the Missouri
Ozarks, but that 4 out of 5 limacodid species (including Acharia) were more abundant in
the understory. Given that host density was held constant in this study, higher incidence of
parasitism in the sun habitat suggest that parasitoids preferentially forage in this habitat
type.

Our finding that the incidence of Euclea parasitism was significantly higher in the
sun habitats where larvae took fewer days to complete development and attained lower
cocoon mass than larvae in the shade habitats does not support the slow-growth-high
mortality (SGHM) hypothesis (Clancy and Price 1987). Together, the findings from both
the Euclea ‘bagged’ and ‘exposed’ experiments support the opposite prediction: that larvae
in habitats that support their vigorous growth may be most at risk of parasitoid attack.
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However, exposed Euclea larvae in the shade habitat + sun leaf treatment consistently
suffered the lowest incidence of parasitism of all the treatment groups, while bagged
Euclea and Acharia larvae in this treatment attained the greatest cocoon mass, had
relatively short development times, and had the highest mean relative growth rates.

In the sun habitat, leaf type did not affect attack by tachinid flies, whereas in the shade
habitat, incidence of attack was higher for Euclea larvae feeding on shade leaves. Although
this interaction was not significant, it drove the significant leaf type effect in the Euclea
‘early exposed’ cohort. For wasps, there was a trend toward higher parasitism for Euclea
‘early exposed’ larvae feeding on shade leaves in both habitats.

Larval length at collection (host size) was a significant predictor of parasitism by
wasps in both Euclea cohorts, but only for ‘early’ exposed larvae for attack by tachinid
flies. Previous studies in this system have demonstrated host partitioning based on host size
by wasps and flies, such that wasps kill small hosts while tachinids appear to preferentially
attack (or survive to emerge from) large hosts of the same limacodid species (Stoepler et al.
2011). Therefore, larval length affected which larvae were killed by wasps in both the early
and late season, as wasps appeared to be choosing the smallest available larvae. For flies,
larval length has the opposite effect: early in the season they attacked the largest available
larvae, while later in the season most of the larvae are large (see Chapter 1 and Stoepler et
al. 2011 for a detailed discussion of possible explanations for this pattern). The high
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incidence of parasitism of Euclea larvae documented here are significant given that typical
rates of parasitism for summer-feeding caterpillars in eastern oak forests are only 15% (Le
Corff et al. 2000). In general, wasp parasitism was relatively higher earlier in the season,
whereas fly parasitism increased later in the season.

If higher parasitism of insects in microhabitats with high sunlight levels is a general
phenomenon, it will have important consequences for host-parasitoid dynamics in the face
of deforestation and increases in the amount of forest ‘edge’ relative to forest interior.
Although few studies have focused on the effects of habitat fragmentation on host-
parasitoid interactions (Martinson 2009), in landscape-level comparisons of tropical food
webs, two studies showed that parasitism was higher and network structure was
homogenized in deforested relative to forested habitats (Tylianakis et al. 2007, Laliberté
and Tylianakis 2010). Similarly, little is known about edge effects on host-parasitoid
interactions. However, a mark-recapture study in a Spartina saltmarsh showed that
mymarid egg parasitoids move toward cordgrass edges irrespective of matrix type and host
density (Reeve and Cronin 2010) and a food web study in the Chaco Serrano woodlands of
Argentina revealed that parasitism of leafminers was higher on forest edges compared to
forest interior (Valladares et al. 2006). Taken together, these findings suggest that

herbivores feeding on plants near forest edges or in other open habitats may have a higher
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risk of parasitism than those in interior habitats and highlight the importance of abiotic

factors in mediating trophic interactions.
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Table 3.1. Effect of block, light, leaf type, and light x leaf type on herbivore performance

measures in the ‘bagged’ experiments for both Euclea delphinii and Acharia stimulea.

Significant P-values are in bold. “Pot” effect was not significant except for “mean

relative growth rate” for both species, where only potted trees where included in

subsequent analyses of main effects. Block effects were never significant but were

retained in all final models.

Performance

variable Euclea delphinii Acharia stimulea

Mean relative *Pot effect significant: Fy 114,=6.53, *Pot effect significant: Fy 104=5.75,

growth rate P=0.012 P=0.0183

(mean mg larva” | Pots only: Pots only:

! day™) Block: Z,=0.25, P=0.4009 Block: Z; =151, P=0.0654
nght F1’11320.17, P=0.6838 nght F1,104:0.00, P=0.9810
Leaf type: F1113=8.77, P=0.0037 Leaf type: F1104=19.24, P<0.0001
Light x Leaf : Fy413=12.93, P=0.0005 Light x Leaf : F;113=7.78, P=0.0063

Larval Block: Z,=0.38, P=0.3503 Block: Z;=0.77, P=0.2198

development Light: F1110=11.08, P=0.0012 Light: F155=1.78, P=0.1854

time (N days Leaf type: F111,=10.22, P=0.0018 Leaf type: F1855=9.52, P=0.0027

egg hatch to Light x Leaf:  Fy110=1.30, P=0.2565 Light x Leaf :  F;444=0.20, P=0.6531

cocoon

formation)

Cocoon mass Block: Z;=0.06, P=0.4772 Block: Z,=0.00, P>0.50

(mg) nght F1'112:4.75, P=0.0313 nght F1’79:16.42, P<0.0001
Leaf type: F111,=0.15, P=0.7019 Leaf type: F170=13.91, P=0.0004
Light x Leaf:  Fy4;,=6.05, P=0.0155 Light x Leaf: F;70=1.71, P=0.1943
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Table 3.2. Effects of light and leaf type on the likelihood of attack by parasitoid flies and

parasitism by wasps in Euclea ‘early’ and ‘late’ exposed experiments (4 separate logistic

regression models). The full models included the interaction term light x leaf type and the

covariates sapling total leaf area (cm?), and larval length at collection (cm). The number

of days of larval exposure to parasitism was included as a covariate in the ‘Early’

Exposed experiment only because of variation in the length of exposure in this

experiment. The covariates ‘sapling leaf area’ and the light x leaf type interaction were

never significant and were removed from the final models presented here. Significant

effects are in bold.

Response: Response:
Cohort Attacked by tachinid flies v. not Parasitized by wasps v. not parasitized
attacked by any parasitoids and not attacked by any parasitoids
Euclea: Overall model Likelihood Ratio: Overall model Likelihood Ratio:

Early Exposed

Euclea:
Late Exposed

¥’3=29.23, P<0.0001

Light:  »%=12.96, P=0.0003
Leaf type: ¥%=5.70, P=0.0169
Length: »%=11.54, P=0.0007

Overall model Likelihood Ratio:
7%16=81.23, P<0.0001

Block:  %%*.=37.66, P=0.0006
Light:  4%=22.56, P<0.0001
Leaf type: y%=1.52, P=0.2178
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v*4=26.65, P>0.0001

Light: v*1= 17.57, P>0.0001
Leaf type: x’1= 1.10, P=0.2945
Length: v*1=3.93, P=0.0473
Days exposed: y%=9.37, P=0.0022

Overall model Likelihood Ratio:
¥’3=14.14, P=0.0027

Light: x’1= 6.23, P=0.0125
Leaf type: ¥’1=0.12, P>0.50
Length: x'1=4.12, P=0.0423



FIGURE LEGENDS

FIGURE 3.1. The two species of larvae used in all experiments: A) Euclea delphinii and

B) Acharia stimulea (Limacodidae: Lepidoptera). Photo credit: John Lill.

FIGURE 3.2. Mean relative growth rate in mg larva™ day™ for A) Euclea delphinii and B)
Acharia stimulea larvae in the ‘bagged’ treatment (protected from natural enemies) (N =
17-21 larvae/species/treatment). The black sun symbol indicates shaded forest understory
habitat (left two bars); the white sun symbol indicates sunny light gap habitat (right two
bars). Black bars represent shade-grown white oak leaves; white bars represent sun-
grown white oak leaves. Only ‘potted’ saplings are included here since significant effects
of ‘pot’ relative to control trees were found for relative growth rate. Different letters
above bars indicate significant differences based on Tukey’s HSD tests at a = 0.05. Error

bars represent + 1 SEM.
FIGURE 3.3. Mean larval development time (number of days from hatch to cocoon
formation) for A) Euclea delphinii and B) Acharia stimulea larvae in the “bagged”

treatment. Different letters above bars indicate significant differences based on Tukey’s
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HSD tests at oo = 0.05. Error bars represent + 1 SEM. See Figure 3.2 legend for symbol and

color meanings.

FIGURE 3.4. Mean cocoon (pupa + cocoon) fresh mass in mg for A) Euclea delphinii and
B) Acharia stimulea larvae in the bagged treatment. Different letters above bars indicate
significant differences based on Tukey’s HSD tests at o = 0.05. Error bars represent + 1

SEM. See Figure 3.2 legend for symbol and color meanings.

FIGURE 3.5. Mean proportion of exposed Euclea delphinii larvae in the A) Early exposed
(July 16-21) and B) Late exposed (August 10-16) cohorts attacked by tachinid fly
parasitoids (almost exclusively by Austrophorocera sp.). The total number of recovered
caterpillars from each of the four treatment combinations ranges from 34 — 75. See Figure

3.2 legend for symbol and color meanings.

FIGURE 3.6. Mean proportion of Euclea delphinii larvae killed by hymenopteran
parasitoids in the A) Early exposed and B) Late exposed treatments. The total number of
recovered caterpillars from each of the four treatment combinations ranges from 29 — 59.

See Figure 3.2 legend for symbol and color meanings.
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Figure 3.1
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Figure 3.2
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Figure 3.3
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Figure 3.4
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Figure 3.5
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Figure 3.6
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CHAPTER 4: BOTTOM-UP EFFECTS OF NUTRIENT ADDITION ON TRITROPHIC

INTERACTIONS

Abstract

Bottom-up forces, such as host plant quality, can have a strong influence on higher
trophic levels. A primary determinant of host plant quality is nutrient content. Two classic,
opposing hypotheses predict the response of herbivores to host plant nutritional quality: the
plant stress hypothesis and the plant vigor hypothesis. Here, | aim to extend these
hypotheses to the next trophic level to test how plant nutritional quality indirectly affects
parasitoid host choice and parasitoid performance through its effects on herbivore hosts
(caterpillars). Specifically, I address the following questions: (1) Does host plant nutritional
quality cascade up to the third trophic level; i.e., do parasitoids reared from caterpillars
feeding on fertilized host plants have higher fitness than those reared from caterpillars
feeding on unfertilized host plants? (2) Can parasitoids assess host quality directly, and if
so, do they preferentially attack “vigorous” or “stressed” hosts? I reared three species of
forest caterpillars, Euclea delphinii Boisduval, Lithacodes fasciola Herrich-Schaffer, and
Acharia stimulea Clemens (Limacodidae) on white oak (Quercus alba L.: Fagaceae)
saplings of three different nutrient levels: ‘high’ fertilization, ‘low” fertilization, or
unfertilized (control). Separate cohorts of caterpillars were reared in sleeve cages on each
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plant to assess performance in the absence of enemies or exposed to natural parasitism on
each sapling.

Nutrient treatments altered leaf quality as predicted; fertilized white oak saplings
contained higher foliar nitrogen content, lower C:N, and lower levels of hydrolyzable
tannins than unfertilized saplings. However, treatment effects on caterpillar performance
were weak. The nitrogen content of limacodid prepupae did not differ among nutrient
treatments, however, | found a strong, negative relationship between body size and nitrogen
content in one species, Euclea delphinii. Overall, parasitism by the dominant tachinid fly
parasitoid, Austrophorocera sp., was extremely low compared to previous experiments.
However, wasp parasitoids preferentially parasitized smaller, earlier instar caterpillars and
appeared to avoid larger ones of all three caterpillar species. This result suggests that
parasitoids can assess at least some aspects of host quality directly. Future studies should
test whether parasitoids preferentially attack “stressed” or vigorously growing hosts via
choice tests and use complementary immunoassays to determine the role of host

immunocompetence in patterns of parasitoid host use.

Key words: allometry, carbon, Eulophidae, herbivore, homeostasis, host quality,
Limacodidae, nitrogen, nutrient addition, parasitoid, Plant Stress Hypothesis, Plant Vigor
Hypothesis, Quercus alba, stoichiometry, Tachinidae
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Introduction

Bottom-up (resource-mediated) forces can have strong effects on higher trophic
levels (Price et al. 1980; Hunter & Price 1992). Variation in host plant quality is known to
influence multiple measures of herbivore fitness, including development time, growth rate,
survival, and fecundity (Thompson 1988; Awmack & Leather 2002). Plant nutritional
quality, mediated by abiotic factors such as soil nutrients and water availability (Rossi et al.
1992; Moon et al. 2000; Coley et al. 2006) and biotic factors such as prior herbivory (Wold
& Marquis 1997; Ohgushi 2005), presence of endophytes (Krauss et al. 2007), and
mycorrhizae (Treseder 2004), can all influence the outcome of interactions between
herbivores and their host plants. A primary determinant of host plant quality is nutrient
content. One of the most important nutrients for both plants and insects is nitrogen
(Mattson 1980; Vitousek & Howarth 1991). Herbivores feeding on leaves that are higher in
nitrogen content often grow faster and perform better than those feeding on host plant
tissues with low nitrogen content (Mattson 1980; Awmack & Leather 2002; Coley et al.
2006).

In addition, nutrient availability can affect the expression of both constitutive and
induced plant defenses (Zangerl & Berenbaum 1995; Stout et al. 1998; Walls et al. 2005).
Induced nitrogen-based defenses such as alkaloids are expected to increase in response to
nitrogen fertilization (Bernays 1983). In contrast, the growth-differentiation balance and the
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carbon-nutrient balance hypotheses predict that carbon-based defenses will decrease in
response to increased nitrogen availability (Bryant et al. 1983; Herms & Mattson 1992).
For example, fertilization of oak saplings decreases foliar tannin and polyphenol
concentrations relative to unfertilized saplings (Forkner & Hunter 2000). For plants that
primarily contain carbon-based rather than nitrogen-based defenses such as oaks, these
decreases in plant defenses following nutrient addition should further increase the quality
of the food plants to herbivores (Feeny 1969).

Two classic, opposing hypotheses predict the response of herbivores to host plant
nutritional quality: the plant stress hypothesis (White 1969; White 1974; Mattson & Haack
1987) and the plant vigor hypothesis (Price 1991). The plant stress hypothesis posits that
insect herbivores should be more abundant and perform better on plants that are under
environmental stress because stressed plants have more nutrient-rich tissues (due to
induced physiological changes that release free amino acids) and are less able to mount
anti-herbivore defenses (Rhoades 1979; White 1984). In contrast, the plant vigor
hypothesis argues that insects should prefer and perform better on healthy, vigorous plants.
This hypothesis is supported by evidence that herbivores preferentially feed upon and
perform better on young, rapidly growing plants in nutrient-rich environments (Coley

1983; Kimberling et al. 1990).
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The plant vigor and the plant stress hypotheses can be readily extended to the next
trophic level to explain the quality of herbivores as prey or as hosts for parasitoids. A
growing number of studies have shown that host plant traits influence an herbivore’s risk of
mortality from natural enemies (Benrey & Denno 1997; Barbosa et al. 2001; Lill et al.
2002; Murphy 2004). Among the most important natural enemies for the larval stages of
many herbivores are their parasitoids, wasps or flies that develop within, and eventually
kill, the host (Godfray 1994). Although numerous studies have examined how plant
nutritional quality affects herbivores, few have quantified how herbivore host nutritional
quality affects parasitoids. However, some studies have shown that parasitic wasps
preferentially forage for herbivore hosts on fertilized plants compared to unfertilized plants
and that parasitism rates are higher for herbivores feeding on fertilized plants (Fox et al.
1990; Bentz et al. 1996; Sarfraz et al. 2009), suggesting that parasitoids may preferentially
attack high-quality, vigorously growing herbivore hosts (analogous to the plant vigor
hypothesis but one trophic level higher). As a consequence, the highest quality host plant
may not be the one on which herbivores experience highest fitness if rates of predation
and/or parasitism positively covary with host quality (Benrey & Denno 1997; Singer et al.
2004). However, these studies have not directly tested whether consumption of leaves of
varying nutritional quality translates into differences in herbivore body tissue elemental
composition, with consequences for natural enemies. Further, all but two of these studies
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(Stiling & Rossi 1997; Moon et al. 2000) were conducted in the greenhouse or in
agricultural systems, and these field studies did not control for the concomitant increase in
host density following host plant fertilization. In contrast, other studies suggest that
parasitoids do not prefer hosts feeding on high quality foliage. For example, Winter and
Rostas (2010) found that parasitic wasps were equally attracted to the herbivore-induced
volatiles from fertilized and N-deficient soybean plants and Chen et al. (2008) found no
difference in parasitism of beet armyworm caterpillars feeding on fertilized and unfertilized
cotton plants. Herbivore diet has also been shown to affect encapsulation ability, an
important immune defense against developing parasitoids (Lee et al. 2006; Haviola et al.
2007). If herbivore hosts fed nutrient-rich host plants are more vigorous and have enhanced
immune function as a result, parasitoids may be selected to preferentially attack hosts fed
nutrient-deficient plant tissue that weakens herbivore immune responses and subsequently
increases the probability of parasitoid survival to emergence (analogous to the plant stress
hypothesis but one trophic level higher).

Parasitoid responses to variation in host plant nutritional quality in natural habitats,
especially forests, remain unstudied. In addition, all previous studies examining the effects
of host plant nutrient addition on parasitoids have focused on wasps but none have
measured the responses of parasitoid flies, an equally important guild of parasitoids for
many herbivores (Stireman & Singer 2003). Moreover, previous studies have only
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measured realized parasitism (successful parasitoid emergence). Because host quality can
mediate parasitoid survival within a host via its effect on herbivore host immune responses
and/or growth rate, relating patterns of realized parasitism to herbivore host quality can be
problematic due to the multiple contingencies inherent to the interaction (Blande et al.
2004). In a review of host plant fertilization effects on insects, Kyto et al. (1996) noted that
most studies find that increased nitrogen availability has a positive effect on individual
herbivore performance. Curiously, these effects are rarely manifested at the population
level, leading them to speculate that this may be due to cascading indirect positive effects
on predators and parasitoids. A major goal of this study was to increase understanding of
parasitoid responses to nutrient addition in natural systems, an environmentally relevant
topic as rates of anthropogenic nitrogen deposition continue to rise.

My goal was to test how plant nutritional quality indirectly affects parasitoid host
choice and parasitoid performance through its effects on herbivore hosts (caterpillars).
Specifically, | addressed the following questions: (1) Does host plant nutritional quality
‘cascade up’ to the third trophic level; i.e., do parasitoids reared from caterpillars feeding
on fertilized host plants have higher fitness than those reared from caterpillars feeding on
unfertilized host plants? and (2) Can parasitoids assess herbivore host quality directly, and
if so, do they preferentially attack “vigorous” or “stressed” hosts? The latter question arises
because foraging parasitoids may face a tradeoff between “High Quality” Hosts (HQHS), or
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vigorous herbivore hosts feeding on nutrient-rich host plants, and “Low Quality” Hosts
(LQHSs), or stressed herbivore hosts feeding on nutrient-deficient plants. Parasitoids that
choose to attack HQHSs that provide better resources for the development of their offspring
and result in larger adult parasitoid size (a fitness correlate; Godfray 1994; Visser 1994)
may face a higher risk of succumbing to host immune responses (Ojala et al. 2005;
Bukovinszky et al. 2009). Conversely, parasitoids that choose to attack LQHS that provide
fewer resources and result in smaller offspring may benefit from their host’s compromised
immune responses.

Specifically, I hypothesized that host plant nutrient content will cascade up to affect
the performance of both herbivores and their parasitoids. | predicted that HQHSs and their
parasitoids would have higher macronutrient content than LQHSs and their parasitoids
(Harvey et al. 2009). Host plant fertilization should produce leaves that are higher in
nutritional quality and lower in carbon-based defenses (Forkner & Hunter 2000), leading to
an increase in host caterpillar growth rate and final body mass and a decrease in
development time. Host plant fertilization is also predicted to lead to an increase in adult
parasitoid size due to increased quality/quantity of host tissues. Finally, | predicted that
there would be differences among parasitoid guilds in their sensitivity to caterpillar host
quality due to marked differences in residence times within their hosts; in particular,
tachinid flies that preferentially attack larger caterpillar hosts (late instars) and take longer
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to develop should show a greater response to nutrient addition treatments than early-
attacking parasitoid wasps that kill their smaller hosts (early instars) shortly after

oviposition (Stoepler et al. 2011).

Methods

My study system included three species of slug caterpillars, Euclea delphinii
Boisduval, Lithacodes fasciola Herrich-Schaffer, and Acharia stimulea Clemens
(Limacodidae, Lepidoptera; Euclea, Lithacodes and Acharia, hereafter), one shared host
plant species, Quercus alba L. (Fagaceae, white oak hereafter), and the community of wasp
and fly parasitoids specializing on these caterpillars (Stoepler et al., 2011). | chose these
herbivore species because they are easily reared in the lab, and we have circumscribed the
parasitoid community attacking each host at the study site (Gates et al. 2012). Euclea and
Acharia both have stinging spines, whereas Lithacodes is smooth and cryptic in coloration.
Previous data have shown that the performance of two of the species is sensitive to foliar
nitrogen content (mean pupal mass v. mean foliar % N; Euclea: R? = 0.84, P = 0.010 and
Acharia; R? = 0.73, P = 0.028; J. Lill unpublished). For these reasons, this is an ideal

system in which to examine how nutrients influence tritrophic interactions.
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Potted white oak plants

To manipulate host plant nutritional quality, | used a potted-plant approach. Using
potted plants allowed me to control for leaf age, plant size and growth stage, each of which
has been shown previously to affect leaf palatability to herbivores (Coley 1980; Boege &
Marquis 2006) and which have unknown effects on host-parasitoid interactions. It also
allowed me to control for microsite differences in soil characteristics and water availability.
| conducted all field experiments at Little Bennett Regional Park (LBRP, Montgomery
County, MD), a 13 km? secondary forest dominated by beech, oak and hickory, where at
least 15 species of limacodid caterpillars can be found on a variety of host plants (Murphy
et al. 2011) and the site of my previous field experiments (Chapters 1-3).

To avoid the confounding effects of interspecific variation in host plant response to
nutrient addition, | focused on one host plant species, Quercus alba L. (white oak,
Fagaceae), a canopy dominant at LBRP. Beginning in spring 2011, | grew potted white oak
plants (2 m-tall trees) under 90% light-reduction shade cloth on the roof of Bell Hall at
George Washington University, Washington, DC, watering them until experiments began
in June. | chose to grow trees in the shade because although white oaks naturally occur in a
range of light levels, low-light conditions are predicted to produce leaves with lower
nitrogen content (Chapin et al. 1987; Baraza et al. 2004) and therefore are expected to
generate greater responses to nutrient addition (but see Chapter 2).
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To manipulate foliar nutrient quality, | randomly assigned 15 potted trees each to
one of three nutrient treatments: (1) High nutrient addition (120 g fertilizer/application), (2)
Low nutrient addition (60 g/application) and (3) No nutrient addition (control). These
treatments were also applied to additional, sub-canopy white oak trees that were harvested
throughout the season to maintain caterpillar nutrient treatments following field
experiments. Trees in the high and low nutrient addition treatments received two
applications of Osmocote time release fertilizer (14:14:14 N:P:K, Scotts, Maryville, Ohio;
N in the form of NH4NO3) in the amounts listed above, once in early April prior to tree
budbreak and once in late June prior to deploying the experimental caterpillars onto the
trees. These levels correspond with the Osmocote package directions application range.
This fertilizer type and the application timing are comparable to that used previously on
oak saplings to generate increased foliar nitrogen and increased densities of herbivores and
arthropod predators on fertilized trees in the same season (Forkner & Hunter 2000).

In mid June 2011, | transported the saplings from the GWU shade house to LBRP
and placed them in shaded forest understory habitats as potted plants, digging pots into the
ground to keep them from falling over and to aid soil moisture retention. | watered all
experimental potted trees in the field equally using jugs of water transported to the field. |

used a randomized complete block design with one potted tree of each treatment type per
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block (n=3 potted trees/block, 15 blocks total) to control for microhabitat variation. All

blocks were separated by at least 50 m to minimize spatial autocorrelation in parasitism.

Leaf chemistry and elemental analyses

To quantify nutrient treatment effects on leaf quality and to determine whether
these effects have the potential to cascade up to affect herbivore tissue composition, |
assayed a subset of leaves, and prepupae reared from leaves of each treatment in the lab for
N and C content (N =10 saplings/treatment and 13-15 prepupae/species/treatment of Euclea
and Lithacodes). | intended to also assay 15 individuals of each of the two most common
parasitoid species, Triraphis discoideus Cresson and Austrophorocera sp. from each
treatment, however, low overall incidence of parasitism in the exposed experiments led to
insufficient emerged adult parasitoids (see Results). I also analyzed leaves from each
treatment for condensed tannins (n-Butanol assay) and hydrolyzable tannins (Potassium
lodate assay) as these are predicted to decrease with nitrogen addition (N = 15
saplings/treatment. | also measured leaf water content which is known to affect leaf quality
(Feeny 1970; Coley 1983). Leaf chemistry samples were collected twice: once early in the
season (June 21, 2011) and once late in the season (August 31, 2011). Detailed methods for
tannin and elemental analyses are given in Chapter 2. | also measured specific leaf area
from standardized leaf punches. To determine how nutrients affect sapling growth and
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phenology, I counted the number of leaves and shoots of each sapling, and measured

budburst and leaf greening phenology as in 2010 (see Chapter 2).

Host caterpillars

Lab colonies of Euclea, Lithacodes and Acharia produced all caterpillars for my
experiments. | captured moths of each species at mercury vapor or UV lights at night and
mated them to help maintain the genetic diversity of the colonies, which were all started
using locally collected moths and caterpillars. At least 30 different females were used to
produce caterpillars for the experiments and each individual host plant received caterpillars
that were the offspring of at least three different females to avoid confounding treatment
effects with genetic differences among families. Prior to use in experiments, caterpillars
were reared in sleeve cages on supplemental potted trees in the shade house under identical
nutrient treatments to the experimental trees in the field in an attempt to establish treatment

differences in the quality of host caterpillars.

Bitrophic effects of nutrient addition on herbivore performance—‘Bagged’ experiment
To measure the effects of nutrient addition on herbivore performance in the absence

of natural enemies, I applied a “true bagged” treatment concurrent with the “exposed”

experiment for each caterpillar species. Euclea (n=15/treatment = 45), Lithacodes (n= 45)
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and Acharia (n=12-13/treatment = 38) caterpillars were reared within sleeve cages
(protected from predators and parasitoids) on each tree in a subset of blocks for the entire
period of larval development. Prior to enclosing caterpillars within sleeve cages on each
branch, branches were inspected and all arthropods were removed. | moved the sleeve
cages and caterpillars around weekly or biweekly within each host plant to prevent food
limitation. | measured the body length of each caterpillar once per week with calipers and
when caterpillars pupated (formed a cocoon), | recorded cocoon mass and development
time. Standard curves relating caterpillar length to mass have already been generated for
each species for white oak, so | additionally calculated relative growth rates between each
census. These ‘true bagged’ caterpillar performance data were combined with the ‘exposed
bagged’ performance data below, excluding any caterpillars that displayed any evidence of
parasitism, for data analysis for a final sample size of ~100 for Euclea and Lithacodes and

~60 for Acharia (depending on the particular analysis).

Tritrophic effects of nutrient addition on parasitism—‘Exposed’ experiment

| exposed four separate cohorts of shade house—reared caterpillars separately to
parasitism on each potted tree as follows: 1) Euclea: (Exposed Jul. 13-18; 5
caterpillars/tree x 45 trees = 225 caterpillars), 2) Lithacodes Cohort 1: (Exp. Jul. 27-Aug.
1; 5 caterpillars/tree = 225 caterpillars), 3) Lithacodes Cohort 2: (Exp. Aug. 17-22; 5
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caterpillars/tree = 225 caterpillars), and 4) Acharia: (Exp. Aug. 25-30; 4 caterpillars/tree =
180 caterpillars) for a total of 855 caterpillars exposed to parasitism altogether. | marked
the petiole of the leaf that each caterpillar was placed on with colored wire to aid in their
relocation, a technique that has been used effectively in previous experiments (e.g., Chapter
3). | timed the exposure of each species in the field to mimic its natural phenology
(Stoepler et al., 2011). Because my previous experiments have shown that parasitoids
partition host resources based on host size (Stoepler et al. 2011), | measured the length
(long axis) of each caterpillar when it was deployed and again when it was recollected
using dial calipers. The initial sizes of exposed caterpillars were as follows: Euclea: range
3.4-12.6 mm, mean: 7.5 mm; Lithacodes Cohort 1: range 4.1-7.5 mm, mean: 5.4 mm;
Lithacodes Cohort 2: range 3.4-10.9 mm, mean 7.3 mm; and Acharia: range 7.5-25.1 mm,
mean 14.8 mm. Initial sizes of deployed caterpillars did not differ among treatments within
blocks (Euclea: F130 =0.6088, P = 0.9457; Lithacodes 2: F13y = 0.2632, P = 0.9999;
Acharia: Fy 30 = 0.3155, P = 0.9998) except in Lithacodes Cohort 1 (F130=2.724, P <
0.0001). Lithacodes Cohort 1 caterpillars reared on unfertilized leaves were 8.4% smaller
on average than those reared on ‘low’ and ‘high’ treatment leaves prior to being deployed.
| deployed caterpillars in groups of 4-5 per tree (placing larvae on separate
branches) to avoid artificially increasing densities while still allowing for some unintended
mortality. Importantly, my study held host density constant among treatments allowing me
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to isolate host quality effects on parasitoids. For each cohort, after 5 days of exposure to
parasitism in the field, | harvested all remaining caterpillars, bringing parasitized
caterpillars back to the lab, and bagging apparently healthy caterpillars in sleeve cages on
each host plant. Bagging exposed caterpillars on the plant allowed me to ensure that they
were exposed to field conditions and fed fresh foliage of their assigned treatment
throughout development. The body length of these caterpillars was measured weekly to
calculate relative growth rates, and caterpillars were monitored for signs of parasitism at
each of these censuses. All caterpillars were brought back to the lab immediately prior to
cocoon formation. All surviving caterpillars were reared individually in the lab and fed
fresh, excised leaves of their assigned nutrient treatment (if still feeding). | recorded the
incidence of parasitism and the species of all emerged parasitoids using a collection
deposited at the Smithsonian NMNH and our parasitoid key (Gates et al. 2012).

Previous work in this system has shown that five days of larval exposure to
parasitism balances the risk of loss of caterpillars due to predation or unknown causes
while allowing sufficient time for parasitoids to locate and parasitize caterpillars. The
number of Austrophorocera sp. eggs on each exposed caterpillar was recorded to determine
attack rates for this parasitoid species. | overwintered all caterpillars that survived to the
cocoon stage in environmental chambers at GWU under winter conditions; in spring 2012,
they were exposed to typical spring photo- and thermo-periods, and monitored for
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emergence of moths or parasitoids (Austrophorocera sp. is a larval-pupal parasitoid that
diapauses with the larva and usually emerges the following year, Stoepler et al. 2011). |
intended to measure parasitoid body size (hind tibia length), nutrient content (%N, C, and
C:N), and sex ratios for the most common parasitoid species, however low incidence of

parasitism resulted in insufficient sample sizes of emerged adults.

Effects of nutrient addition on the herbivore community

To document the response of the community of herbivores associated with white
oak to nutrient addition, we visually censused all leaf and stem surfaces of each sapling on
July 22, 2011 (mid-season) and September 6, 2011 (late-season) and recorded the number
and identity of each herbivore to the lowest taxonomic level possible. We standardized
sampling effort by dividing the number of herbivores recorded on each sapling by the total
leaf area (no. leaves x mean leaf area) to yield the number of herbivores per m? foliage
(herbivore density). An outbreak of the locust leafminer beetle (Odontota dorsalis
Thunberg: Chrysomelidae: Coleoptera) occurred prior to the July herbivore census
resulting in high densities on the potted saplings. Therefore, in the July census, we recorded
the density of this beetle and qualitatively scored each sapling from 0-4 (0: no damage, 1:
1-25% of leaves with some damage, 2: 26-50% of leaves with some damage, 3: 51-75%
of leaves with some damage; 4: 76-100% of leaves with some damage) for the level of
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characteristic leaf damage caused by the beetle. By the September census, locust leafminer

beetle densities were very low (< 1 beetle per sapling).

Data analysis

To characterize differences in white oak leaf quality among treatments, | tested for
differences in % N, % C, C: N ratio, condensed and hydrolyzable tannins, leaf water
content, and specific leaf area among host plants from the three treatments with separate
ANOVAS. ‘Early’ and ‘late’ leaf samples did not qualitatively differ in concentration or
treatment rankings, therefore the two samples were combined to increase power for tannin
analyses. Analyses using percent data (%N, % C, % tannin equivalents) were arcsine
square root transformed prior to analysis, however, the results of these tests and those using
the untransformed data were qualitatively similar. Therefore | present only the results of the
untransformed data analyses for ease of interpretation and comparison with other studies.

For the “Bagged” Experiment, I tested for differences in caterpillar performance
measures (relative growth rate, cocoon mass and development time) among treatments with
separate mixed model ANOVAS for each performance variable for each of the three
caterpillar species. Nutrient treatment was treated as a fixed effect and block as a random
effect. For relative growth rate models only, initial caterpillar size was also included as a
covariate. | tested for differences in elemental composition (% N, % C and C: N ratio) of
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prepupae from each nutrient treatment using Kruskal-Wallis tests (Euclea and Lithacodes
tested separately). To address stoichiometric theory relating body size to elemental
composition, | tested whether cocoon mass was related to % N using linear regression.

For the “Exposed” Experiment, I used logistic regression to estimate the effects of
block, nutrient treatment, and caterpillar host size (body length at the time of field
exposure) on the likelihood of parasitism by wasps and flies (Proc logistic; SAS 2008). For
wasp parasitoids, | used realized parasitism as the response variable but for flies | tested for
treatment effects on the sum of realized parasitism (successful parasitoid emergence) and
attack rates since flies lay external eggs (visible evidence of attack). Likelihood ratios are
reported for overall models and Wald Chi-square statistics are reported for fixed effects for
these tests. | tested for treatment effects on the proportion of exposed caterpillars recovered
from the field (a proxy for the proportion which were not predated) and field survival of
“true bagged” caterpillars using G-tests.

To test for herbivore community-level responses to nutrient addition, | tested for the
effect of nutrient treatment on total herbivore density. In the early (July) census only, | also
tested for the effects of fertilization (fixed effect) and block (random effect) on outbreaking
locust leafminer beetle density using a mixed model and the effect of fertilization on locust
leafminer beetle damage score using a Kruskal-Wallis test. All analyses were conducted in
SAS v. 9.2 (SAS Institute, 2008) or IMP v. 9.1.2 (SAS Institute, 2010).
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Results
White oak nutrient treatments

Nutrient treatments significantly affected % N of leaf tissue both early (F s = 3.96,
P =0.0305) and late (F227 = 16.04, P <0.0001) in the season; ‘high’ treatment leaves
averaged ca. 12% more nitrogen by weight than control leaves, with ‘low’ treatment leaves
intermediate (Figure 4.1A). The effects of nutrient treatment on nitrogen strengthened in
the late season relative to the early season (Figure 4.1A). The C: N ratio was also affected
by nutrient treatment (early: F; 25 = 3.99, P = 0.0299; late: F,,7 = 15.51, P < 0.0001) with
7% lower C:N ratios in the ‘high’ treatment compared to controls early in the season and
13% lower C:N ratios in the ‘high’ and ‘low’ treatments (which did not differ) relative to
controls late in the season (Figure 4.1B). Carbon content did not differ among treatments
(early: Fp08 =1.93, P = 0.1628; late: F,,7 = 1.54, P = 0.2337). These differences in
elemental composition of white oak leaves indicate that nutrient treatments had the
intended effect of establishing differing levels of leaf quality according to the amount of
fertilizer added in each treatment.

Nutrient treatment affected the concentration of hydrolyzable tannins (F,ss = 4.99,
P =0.0100), which averaged 27% higher in leaves of controls relative to ‘high” saplings
(Figure 4.1C). In contrast, the concentration of foliar condensed tannins did not differ
among treatments (F, 53 = 0.07, P = 0.9315). Nutrient treatment did not affect the number
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of leaves or shoots white oak saplings produced in the same season (F,5s = 1.76, P =
0.3475 and F, 53 = 0.84, P = 0.4385, respectively), leaf water content (early: F, 4, = 0.5145,
P =0.6015; late: F, 4, = 1.810, P = 0.1768) or specific leaf area (early: F,4, =1.751, P =

0.1860; late: F2,42 =0.1442, P = 08661)

Bitrophic effects of nutrient addition on herbivore performance—‘Bagged’ treatrment

Overall, nutrient addition to white oak host plants had limited effects on caterpillar
performance and elemental composition. Nutrient addition had a marginal effect on Euclea
relative growth rate (RGR) driven by a 33% higher RGR of caterpillars feeding on leaves
of the “high” treatment relative to the “low” and control treatments (Table 4.1, Figure 4.3).
There was no effect of nutrient treatment on field survival, development time, or cocoon
mass of Euclea (Table 4.1).

Mean nitrogen content and C:N ratio of Euclea prepupae did not differ by nutrient
treatment, however, % C differed marginally among treatments (Table 4.1), with % C
highest in caterpillars fed control leaves, intermediate for those fed ‘low’ leaves and lowest
for caterpillars fed ‘high’ leaves. There was also a strong inverse relationship between

Euclea cocoon mass and % N (R* = 0.571, df=41, P < 0.0001; Figure 4.4).
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Nutrient addition treatment did not affect any measure of performance or elemental
composition in Lithacodes (Table 4.1). In contrast to Euclea, there was no relationship
between Lithacodes cocoon mass and % N (R? = 0.002, df=43, P = 0.7495).

Nutrient addition treatment had no effect on Acharia RGR or cocoon mass (Table
4.1). However, nutrient treatment did affect Acharia larval development time (Table 4.1,
Figure 4.5); this difference was driven by an 8% decrease in mean development time (7
days shorter) for caterpillars feeding on ‘low’ treatment relative to control leaves. Acharia
caterpillar field survival also differed significantly among nutrient treatments. Curiously,
this difference was driven by an unexplained pattern of decreased survival of caterpillars in

the ‘low’ treatment (“high’: 88.2% survival; ‘low’: 46%; control: 87.5%; Table 4.1).

Tritrophic effects of nutrient addition on parasitism—‘Exposed’ experiment
One hundred forty-two of the original 225 Euclea caterpillars exposed to parasitism

in the field were recovered (63.1%). Recovery success did not differ among nutrient
treatments (G= 2.197, df= 2, P = 0.3333). Of those recovered, 9.9% were parasitized by
wasps; no fly parasitism occurred in this cohort. Nutrient treatment did not affect the
likelihood of Euclea parasitism (x*= 0.3057, df=2, P = 0.8583), whereas the effect of
caterpillar host size was highly significant (x*= 8.960, df=1, P = 0.0028), indicating that
small, early instar caterpillars were more likely to be parasitized than larger ones (Figure
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4.2). On average, exposed Euclea caterpillars parasitized by wasps were 23% smaller than
those that were not parasitized.

One hundred forty-two of the original 225 July exposed Lithacodes (cohort 1) were
recovered from the field (63.1%). Recovery success differed significantly among nutrient
treatments (‘high’: 60.0% recovered; ‘low’: 53.3%; control: 76.0%; G=9.011, df=2, P =
0.0111), suggesting differential predation among treatments. Of the total recovered, 19.0%
were parasitized by wasps; again none were attacked by flies. Nutrient treatment did not
affect the likelihood of Lithacodes parasitism by wasps in the July cohort (Fertilization:
Wald y*= 1.757, df=2, P = 0.4154).

One hundred twenty-eight of the original 225 August cohort of exposed Lithacodes
(cohort 2) were recovered from the field (56.9%). Recovery success did not differ among
nutrient treatments (G= 0.253, df=2, P = 0.8810). This cohort suffered the highest
incidence of parasitism of all the cohorts: 23.6% (17 of 72) were attacked by the tachinid
fly, Austrophorocera, and 12.7% were parasitized by wasps. Nutrient treatment did not
affect the likelihood of Lithacodes parasitism by wasps (x*= 0.8353, df=2, P = 0.6586) or
by the fly, Austrophorocera (overall model: ¥°=6.757, df=3, P = 0.0869). Once again,
however, the size of the caterpillar significantly affected the likelihood of parasitism by
wasps (y°= 11.5066, df=1, P = 0.0007) such that smaller, earlier instar caterpillars were
more likely to be parasitized than larger, later instars (Figure 4.2). On average, exposed
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Lithacodes cohort 2 caterpillars parasitized by wasps were 19% smaller than those that
were not parasitized.

Ninety three of the original 180 Acharia caterpillars exposed to parasitism in the
field were recovered (51.7%). Recovery success did not differ among nutrient treatments
(G=1.741, df=2, P = 0.4187). Of those recovered, 15.1% were parasitized; the majority of
these were parasitized by wasps (only 2% were attacked by flies). Nutrient treatment did
not affect the likelihood of wasp parasitism of Acharia caterpillars (Wald y* =2.477, df=2,
P =0.2899), but caterpillar size significantly affected the likelihood of parasitism by wasps
(Wald y°= 9.993, df=1, P = 0.0016) such that smaller, earlier instar caterpillars were more
likely to be parasitized than larger, later instars (Figure 4.2). On average, exposed Acharia

caterpillars parasitized by wasps were 29% smaller than those that were not parasitized.

Effects of nutrient addition on the herbivore community

Total herbivore density did not differ among nutrient treatments in the mid-season
(F242=0.514 , P =0.6019) or in the late-season (F,4; = 1.55, P = 0.2237). In the July
census, locust leafminer beetle density was not affected by nutrient treatment, but was
spatially patchy, leading to strong block effects (fertilization: F; s = 0.66, P = 0.5255,
block: Z14 = 2.30, P = 0.0108). Locust leafminer beetle damage did not vary among
nutrient treatments (H= 0.6366, df=2, P = 0.7274).
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Discussion
Bitrophic effects of nutrient addition on herbivore performance—‘Bagged’ experiment
Nutrient manipulation via fertilization of white oak saplings led to small differences
in relative growth rate and % C for Euclea caterpillars, and affected the larval development
time of Acharia caterpillars. However, the other performance measures did not differ by
nutrient treatment in Euclea and Acharia, and no effects of nutrient addition were observed
on Lithacodes caterpillar performance. These weak effects on herbivore performance are
likely due, at least in part, to weak effects of nutrient addition on plant tissue quality.
Although nutrient treatments altered leaf quality as predicted (increased nitrogen and
decreased tannin content), the differences among treatments were anticipated to translate
into much greater differences in herbivore performance. Comparing the magnitude of the
difference between ‘high’ and control leaves in the current study to that of shade- and sun-
grown white oak leaves in a previous study (Chapter 2), ‘high’ leaves averaged 12.2%
more nitrogen and 21.6% less hydrolyzable tannins than control leaves, while shade leaves
averaged 12.7% more nitrogen and 42.1% less hydrolyzable tannins than sun leaves. This
indicates that the magnitude of the difference in nitrogen content, and to some extent in
tannin content, of ‘high’ and ‘low’ quality leaves in both experiments was similar. Because
leaf quality differences in the sun/shade experiment generated much larger differences in
Euclea and Acharia performance measures than fertilization, the link between leaf
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phenotype and limacodid performance involves more than leaf nitrogen content. Curiously,
Euclea relative growth rates ranged from 4.4 — 6.2 mg/day in the current study, whereas in
my previous experiment in which caterpillars were fed sun or shade-grown white oak
leaves, Euclea growth rates ranged from ca. 8 - 13 mg/day (Chapter 3). The fact that the
highest growth rates in the current study were 22% lower than the lowest growth rates in
the sun/shade study suggests that overall host plant quality was somewhat compromised in
the current study.

Nitrogen is clearly not the only limiting nutrient for plants and insects, and other
unmeasured macronutrients (e.g., phosphorus) or micronutrients (e.g., K, Ca, Mg) could
have been present at non-optimal levels in the plants (Lee 2007). Further, the quality of
nitrogen in plant tissues is known to differ. Nitrogen derived from fertilizers may be less
digestible than natural soil nitrogen (Slansky & Feeny 1977) and differs in amino acid
composition. The amino acid composition of protein is the primary determinant of the
quality of dietary protein (Lehninger et al. 1993). Mounting evidence suggests that animal
growth is limited by individual essential amino acids rather than total protein (Anderson et
al. 2004). Although the performance of at least two of the species, Euclea and Acharia, has
been shown to be sensitive to nitrogen levels in previous experiments, three aspects of

limacodid caterpillar biology, extreme polyphagy, late-season phenology, and protracted
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larval development, may buffer the effects of small differences in leaf quality on
performance measures.

Euclea prepupae showed a strong, inverse, linear relationship between body mass
and % N. The same relationship was also found for the tachinid fly, Austrophorocera sp.
(Tachinidae; Appendix 5). Stoichiometric differences related to body size and life history
variation have been hypothesized to result from allometric differences in metabolism and
growth rate across consumer taxa from bacteria to vertebrates (Elser et al. 1996).
Specifically, the Growth Rate Hypothesis (GRH) predicts that fast growing species should
contain more rRNA, and thus more phosphorus and nitrogen, per unit body mass than slow
growing species. Because growth rates and RNA content generally decline with ontogeny
(and body size) across taxa (Peters 1983), body mass should be inversely related to
nitrogen and phosphorus content. Although the GRH was originally intended to be applied
to interspecific stoichiometric comparisons in N:P and C:P (Elser et al. 1996, Fagan et al.
2002), it has recently been applied intraspecifically to organisms as diverse as bacteria,
diatoms, insects, fish, and mammals (Makino et al. 2003, Bertram et al. 2008, Vrede et al.
2004 and references therein). However, my results are not consistent with the GRH because
Euclea growth rate increased, not decreased, with initial body mass on average, though

growth rate was marginally positively related to plant %N. It is important to note, however,
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that growth rate and elemental composition were not measured on the same individuals in
this study, limiting my ability to directly test the predictions of the GRH.

However, Euclea % N did not track that of the plant tissue consumed, i.e., there
was no relationship between mean foliar %N and mean Euclea prepupa %N for Euclea that
had developed on white oak leaves of different nutrient treatments. This suggests that
Euclea caterpillars are able to regulate their stoichiometry (Kagata & Ohgushi 2006), e.g.
via compensatory feeding when host plant quality is poor. Because body nitrogen content
has been shown to affect insect survival, growth rate, and fecundity (Awmack & Leather
2002; Brent & Traniello 2002; Huberty & Denno 2006), the ability to regulate
stoichiometry may mitigate the effects of poor or variable diet quality on fitness to some
extent. This may partially explain the weak effects of nutrient treatment on caterpillar
performance measures. Also, because caterpillars in a given nutrient treatment were fed
leaves from multiple host plant individuals in the lab, the relationship between treatment-
level caterpillar % N and leaf % N could have been obscured by high levels of variation in
how individual trees take up fertilizer and convert it to leaf nitrogen.

Although insects are generally regarded as having a high degree of homeostasis,
maintaining tight regulation of their elemental composition despite that of their food, data
addressing this prediction are surprisingly scarce. In the current study, Euclea caterpillars
ranged from ca. 8-12% N, Lithacodes from 7-11%, and Austrophorocera parasitoids
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ranged from 9-13% N. These ranges encompass the differences in mean %N values
reported for insect herbivore and predator orders (Fagan et al. 2002), suggesting that
intraspecific variation in elemental composition can be quite large. Although Euclea and
Lithacodes do appear to regulate their internal stoichiometry (as evidenced by their lack of
response to nutrient treatments), the magnitude of individual variation suggests that
homeostasis may not be as tightly regulated as has previously been assumed. Comparing
the variation in nitrogen content in white oak leaves, caterpillars, and parasitoid flies,
Austrophorocera flies exhibited the least variation and Euclea caterpillars exhibited the
most (Table 4.2). However, Austrophorocera exhibited the highest variation in carbon
content, while white oak leaves exhibited the least. Both Austrophorocera and Euclea had

higher variation in C:N relative to white oak leaves and Lithacodes caterpillars.

Tritrophic effects of nutrient addition on parasitism—‘Exposed’ experiment

Nutrient treatments did not affect the likelihood of parasitism by either wasps or
flies in any of the three caterpillar species examined. Wasp parasitoids included braconids
that “mummify” the host (likely Triraphis discoideus Cresson, Kula et al. 2009) and
eulophids (mostly Platyplectrus americana Girault). The total incidence of parasitism
throughout the 2011 season was quite low compared to other years. This pattern was
exclusively driven by extremely low incidence of attack by the tachinid fly,

188



Austrophorocera. In the current study, incidence of Austrophorocera attack was 0—2% in 3
of the 4 cohorts, whereas in the previous summer (2010), Austrophorocera attacked Euclea
caterpillars at incidences of 40-80% (Chapter 3). However, wasp parasitism was similar
between the two years (2010: 5-23%; 2011: 10-19%). This disparity in the incidence of
parasitism over sequential seasons by a dominant parasitoid in this system illustrates the
enormous variation in parasitoid pressure among seasons for herbivores, and the challenges
associated with studying parasitism in the field.

Because the nutrient treatments did not generate large differences in caterpillar
performance, | could not adequately address the question of whether parasitoids prefer
“stressed” or “vigorous” hosts with this experiment. It is likely that host plant quality
differences must be strong, generating pronounced differences in herbivore host quality
(e.g. as in Chapter 3), in order to generate cascading effects on higher trophic levels and to
adequately test the “herbivore host stress/vigor” hypothesis. It may appear that my study
also addresses the “slow-growth/high-mortality” hypothesis (SGHM, Clancy & Price,
1987) and the recently proposed “high- performance/high mortality hypothesis” (Singer et
al. 2012), however my experiment was not designed to test these hypotheses. The SGHM
hypothesis states that poor plant quality results in longer herbivore development time and
thus longer exposure time to natural enemies (Clancy & Price 1987). Because the
caterpillars in my study were only exposed to natural enemies for 5 days, any effects of
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host plant quality on development time (e.g., as shown in Acharia) were not fully
manifested during the short exposure period. A true test of the SGHM would require
exposing caterpillars to natural enemies throughout their entire development and measuring
development time and parasitism/predation on the same individuals. Because limacodid
caterpillars have extremely protracted development (e.g., an average of 74 days from egg
hatch to cocoon formation for Acharia in this study), this system is not well suited to
testing the SGHM hypothesis. The high-performance/high mortality hypothesis states that
herbivores feeding on high quality host plants will suffer increased mortality due to natural
enemies (Singer et al. 2012). However, because this hypothesis was specifically formulated
to test density-mediated community level effects, my experiment was also not designed to
test this hypothesis as | explicitly controlled for herbivore density and | focused on the
performance of individual caterpillars rather than population sizes.

Even though my study was unable to detect differences in parasitism among
nutrient treatments, this does not preclude the hypotheses that parasitoids may
preferentially attack hosts based on nutrient composition or that parasitoids can detect host
quality differences. The latter is evidenced by the fact that wasp parasitoids preferentially
parasitized caterpillars based on their size or developmental stage, choosing small
caterpillars relative to the sizes available in 3 out of 4 cohorts examined. Host size was
likely not important in determining wasp parasitism in Lithacodes Cohort 1 because all of
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these caterpillars were relatively small, whereas the other cohorts included a wide range of
caterpillar sizes (due to the timing of lab colony availability of caterpillars). The largest
difference in the size of parasitized vs. unparasitized exposed caterpillars occurred in
Acharia. This is likely because Acharia caterpillars have the potential to grow the largest of
all three species and the range of caterpillar sizes varied much more than in Euclea and
Lithacodes (again, due to the availability of caterpillars).

Preferential parasitism of small, early instar caterpillars by wasp parasitoids is
suggested by previous work in this system (Chapters 1 and 3, Murphy et al. in prep.).
Possible explanations for this pattern include the greater availability of small, early instars
in nature (Jervis et al. 2012), weaker immune responses and or/behavioral and
morphological defenses of hosts in early developmental stages (Brodeur & Vet 1995,
Strand & Pech 1995, Jervis & Ferns 2011), competitive advantage in cases of
superparasitism (Godfray 1994), and the fact that the wasp species in this system must
consume the majority of the host tissue to complete development (i.e. large hosts may
provide excessive tissue) (see Chapter 1 and Stoepler et al. 2011 for a more in depth
discussion of this topic). Future studies should examine the generality of the pattern of
preferential parasitism of small, early instar hosts by wasp parasitoids (and preferential
parasitism of large, late instars by tachinid flies, Chapter 1) in other host-parasitoid
systems.
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Although plant quality has been manipulated extensively in empirical studies,
manipulating host caterpillar quality may prove much more difficult due to the regulation
of stoichiometry by insect herbivores. Even when host plant quality is poor, herbivores
often are able to compensate by altering feeding rates (Slansky & Feeny 1977) thereby
maintaining “quality” from the parasitoid’s perspective. Several previous studies have
extended the “plant vigor” and “plant stress’ hypotheses to herbivores to test the effects of
herbivore quality on parasitoids (e.g., Kaneshiro & Johnson 1996; Teder & Tammaru
2002). However, these studies have used traditional herbivore performance measures to
estimate herbivore quality to parasitoids and did not measure whether the nitrogen content
of host plants affected the nitrogen content of herbivores or parasitoids. Surprisingly few
studies have quantified the elemental composition of plants, herbivores and their
parasitoids to test whether diet nutrient composition affects body nutrient composition in
herbivores and their parasitoids (Rivero & Casas 1999; but see Greenblatt et al. 1982).

Given the negative relationship between body size and nitrogen content found in
Euclea, by selecting smaller hosts, wasps will tend to parasitize caterpillars higher in
nitrogen, while flies will parasitize large hosts with lower nitrogen content. However,
parasitoid larvae are known to have extremely high nutritional efficiencies (Thompson
1986), with recorded net conversion efficiencies (% conversion of digested host mass to
parasitoid body mass) of up to 65% (Howell & Fisher 1977). Further, wasp parasitoids can
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alter the metabolism of their hosts which can result in increases in the concentration and
composition of nutrients present in host hemolymph, including amino acids (Rivers et al.
1994, Pennacchio & Strand 2006). Some amino acids act as oviposition stimulants for
parasitoid wasps, with evidence for strong preferences for certain amino acids (Barrett &
Schmidt 1991, Kainoh & Brown 1994), underscoring the importance of host amino acid
composition. Future studies should test the extent to which nitrogen quality, measured as
amino acid composition, cascades up from plants in the tissues of herbivores and their
parasitoids.

A variety of approaches could be used to manipulate herbivore quality as hosts for
parasitoids in future studies. For example, artificial diets allow precise control over nutrient
concentrations and ratios. Selection experiments could be designed to select on herbivore
nutrient content and stoichiometry; such experiments would determine how much of the
variation is genetically based. Here, existing Drosophila melanogaster body tissue
composition mutants that differ in quality axes which are directly relevant to parasitoids
could be utilized including the deficiency in muscle tissue mutants (not enough muscles,
nem; Burchard et al. 1995), or nutrient deficiency mutants (pumpless; Zinke et al. 1999).
Drosophila mutants which differ in the concentration of specific amino acids could also be
used. Parasitoid responses to these mutant flies could then be tested in the lab using captive
parasitoid colonies.
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Conclusions

In conclusion, nutrient addition to white oak saplings resulted in differences in
foliar nitrogen content, C:N ratios, and hydrolyzable tannin content in white oak foliage.
However, these differences did not lead to strong effects on caterpillar performance nor
alter the elemental composition of caterpillars, preventing an adequate test of the
hypothesis that parasitoids preferentially attack hosts based on nutritional quality.
However, strong and consistent effects of caterpillar host size on the incidence of wasp
parasitism suggests that wasp parasitoids assess at least one aspect of host quality directly
and preferentially parasitize small, early instar caterpillars. Future studies should test the
“herbivore stress” and “herbivore vigor” hypotheses by assessing parasitism and parasitoid

performance in herbivorous hosts exhibiting a greater range in performance.
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Table 4.1. Effects of nutrient addition to white oak host plants (via fertilization) on three measures of performance, survival, relative
growth rate, development time and cocoon mass, and on elemental composition, in three species of caterpillars, Euclea delphinii,
Lithacodes fasciola, and Acharia stimulea (Limacodidae: Lepidoptera) in the Bitrophic or ‘bagged’ experiment. Caterpillars were
reared in groups of three within mesh sleeve cages on plants of one of three nutrient treatments: high, low or unfertilized for the
majority of larval development. Field survival: the proportion of caterpillars deployed that survived the period of field exposure; RGR:
relative growth rate; larval development time: number of days from egg hatch to cocoon formation; cocoon mass: prepupa + cocoon
fresh mass in mg; Nitrogen: percent N composition of dried prepupae; Carbon: percent C composition of dried prepupae; Carbon:
Nitrogen ratio of dried prepupae. ‘Block’ effects or significant covariates retained in final models are reported under lettered

superscripts. Significant P values are in bold.
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Caterpillar Field survival RGR (mgtday) Development Cocoon mass Nitrogen (%) Carbon (%) Carbon:
species time (days) (mg) Nitrogen ratio
Euclea ¥’=3.211, df=2 Fa70=2.86 Foi06 =111 F104=0.74 H=3.30,df=2 H=5.15df=2 H=456,df=2
delphinii P =0.2008 P = 0.0640° P =0.3347" P=0.4778 P =0.2203 P =0.0761 P =0.1022
Lithacodes ¥’=1.183, df=2 F2104 = 0.86 Foo1 =1.46 Fy01 =0.46 H=0577,df =2 H=2.96,df=2 H=113,df=2
fasciola P =0.5536 P =0.4248° P =0.2374° P =0.6333 P =0.7508 P =0.2274 P =0.5691
Acharia XZ: 7.51, df=2 Fp45=0.32 F50 = 4.43 F,s56 =150 Not measured Not measured Not measured
stimulea P =0.0234 P=0.7264 P =0.0162 P =0.2309

4 Block: Zy, = 1.30, P = 0.09; Initial caterpillar mass: F; 7o =12.07, P = 0.0009

b Block: Zy, = 0.96, P = 0.1682

° Block: Zy4 = 1.43, P = 0.0768; Initial caterpillar mass: Fy 104 =3.27, P = 0.0736

4 Block: Z;, = 0.96, P = 0.1682
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Table 4.2. Coefficient of variation (CV %) in percent nitrogen, percent carbon, and carbon:

nitrogen ratio across three trophic levels: plant (white oak, Quercus alba), herbivores

(Euclea delphinii and Lithacodes fasciola) and a tachinid fly parasitoid (Austrophorocera

sp.). Note that plant data include both 2010 (Chapter 3) and 2011 data (late season, current

study) and that Austrophorocera sp. data are exclusively from the previous year’s study

(Chapter 3).
Trophic level Nitrogen Carbon  Carbon:
Nitrogen
Plant
Quercus alba 9.16 1.94 8.98
Herbivores
Euclea delphinii 10.60 3.98 12.20
Lithacodes fasciola | 8.96 5.53 7.14
Parasitoid
Austrophorocera sp. 7.80 6.57 12.78
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Figure Legends

Figure 4.1. Effect of nutrient addition treatment (‘high’ fertilization level, ‘low’
fertilization level, and no fertilizer) applied to potted white oak saplings on (A) Percent
nitrogen of leaves early and late in the season, (B) Carbon: nitrogen ratio of leaves sampled
early (June 21, 2011) and late in the season (August 31, 2011), (C) Percent tannin
equivalents of foliar hydrolyzable tannins, averaged over early and late leaf sample
collections. Bars indicate means = 1 sem. Different letters above bars indicate significant
differences according to Tukey’s HSD tests on Is means. Sample sizes: percent nitrogen and

carbon: nitrogen, N =10 saplings/bar; hydrolyzable tannins, N =15 saplings/bar.

Figure 4.2. Body size (length in mm; measured at the time of field exposure) of
recovered Euclea delphinii, Lithacodes fasciola, and Acharia stimulea caterpillars not
parasitized (white bars) or parasitized by a wasp (black bars) following five days of
exposure to natural parasitism in the field. Each species was exposed in separate cohorts.
Caterpillars parasitized by flies were excluded. Bars indicate means + 1 SeM. Numbers at

the base of bars indicate sample size.
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Figure 4.3. Relative growth rate (mg™ day™ caterpillar™) of Euclea delphinii caterpillars
reared throughout larval development (2-5 weeks) in sleeve cages on white oak saplings of
one of three nutrient addition treatments: high fertilization (black bar; N = 30), low
fertilization (gray bar; N = 26), or unfertilized (white bar, N = 32). Bars indicate means + 1

SEM.

Figure 4.4. Regression of percent nitrogen of prepupae on cocoon fresh mass (mg) in

Euclea delphinii. Each symbol represents an individual prepupa (N = 42).

Figure 4.5. Larval development time (number of days from egg hatch to cocoon formation)
of Acharia stimulea caterpillars reared in sleeve cages on white oak saplings of one of three
nutrient addition treatments: high fertilization (black bar, N = 34), low fertilization (gray
bar, N = 23), or unfertilized (white bar, N = 19). Bars indicate means + 1 Sem. Different
letters above bars indicate significant differences according to Tukey’s HSD tests on Is

means.
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Figure 4.1
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Figure 4.2
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Figure 4.3
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Figure 4.4

13

o R? = 0.567
P < 0.0001
11 -

10

Percent Nitrogen

O T T T 1
0 50 100 150 200

Euclea cocoon mass (mg)

218



Figure 4.5
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GENERAL CONCLUSION

Through four separate field studies, | have shown that bottom-up factors can have
strong effects on higher trophic levels and can mediate the risk of parasitism by insect
parasitoids. In particular, the effect of forest light environment and caterpillar size were
found to have consistent and strong effects on parasitoids. While the two main parasitoid
guilds, wasps and flies, responded similarly to forest light environment, with a higher
incidence of parasitism of caterpillars in sunny light gaps relative to the shaded
understory by both guilds, wasps and flies responded differently to caterpillar host size.
Wasp parasitoids preferentially parasitized small, early instar hosts, whereas flies
preferentially attacked large, late instar hosts. In general, larger hosts produced larger
adult parasitoids, suggesting that parasitoid performance is maximized in vigorous hosts.
Female wasps, which can choose the sex of their offspring, allocated female offspring to
larger hosts and male offspring to smaller hosts. Further, caterpillar host size and
performance differed among host plants of varying quality, both intra- and
interspecifically, providing a mechanism by which host plant quality can indirectly affect

the third trophic level.
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Future Research

Future studies should examine the generality of the patterns of higher incidence of
parasitism in sunny, relative to shaded, habitats and partitioning of shared hosts based on
host size by wasp and fly parasitoids. In addition, planned future experiments will test
how herbivore size or developmental stage affects immunocompetence, with implications
for size-specific parasitism. Wasp parasitoids are predicted to be more susceptible to host
immune defenses (e.g., encapsulation of eggs and larvae) than flies because the latter co-
opt the host’s encapsulation response to construct a breathing tube (“respiratory funnel”)
that provides oxygen throughout parasitoid larval development (Vinson 1990; Stireman et
al. 2006). Because wasp parasitoids in this system differentially emerge from host
caterpillars collected in early instars which often have weaker immune defenses
compared to later instars (Brodeur & Vet 1995; Bukovinszky et al. 2009), wasp

parasitoids may avoid encapsulation by choosing to attack smaller, early instar hosts.
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APPENDICES

Appendix 1. Regression of hind tibia length on adult dry body mass (mg) in the parasitoid,
Austrophorocera sp. by sex (Tachinidae: Diptera; body mass: R%; = 0.628, P < 0.0001;
sex: F11 =4.82, P = 0.0334). Each circle represents one individual fly. Female: body mass

=-19.646 +13.300 x hind tibia length; male: -15.624 + 10.770 x hind tibia length.

25 -
® Female
=) 0 Male
£ 20 o)
A | . °
44
S °®
=
3 15 1 o ¢
= °
E o ©
] O O
:')3 10 og o
g ® o) oooq
£ O.
<% o) L]
e 54 [ ® O
@
=)
<
0 T T 1
0.0 0515 2.0 2.5 3.0

Hind tibia length (mm)

223



Appendix 2. White oak (Quercus alba: Fagaceae) sapling genetic effects on (A) budbreak
and (B) leaf greening phenology for 30 saplings grown under full shade conditions (under
90% light reduction shade cloth) in both 2010 and 2011. ‘Budbreak’ is the date of first bud
opening, ‘leaf greening’ is the date when > 50% of a sapling’s leaves first turned from red
to green. Budbreak: 2011 budbreak Julian date = 77.94 + 0.313(2010 budbreak Julian
date); R%g = 0.320, P = 0.00113. Leaf greening: 2011 leaf greening Julian date = 85.88 +
0.267(2010 leaf greening Julian date); R%g = 0.216, P = 0.00970. Equations use Julian
dates, but calendar dates are shown on axes for ease of interpretation. Note that each point
represents a single sapling; however, the number of points is less than 30 because duplicate

values are not differentiated.
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2011 Leaf greening date
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Appendix 3. (A) Persistence of sun and shade leaf phenotypes and sapling architecture the
year following treatments. (B) The mean number of leaves per sapling, mean individual
leaf area, mean number of shoots per sapling, and mean individual shoot length of saplings
grown under full shade throughout budbreak and leaf expansion in 2011 which were grown
under either full shade (black bars) or full sun conditions (white bars) throughout budbreak

and leaf expansion the previous year (2010). Error bars represent £ 1 SEM.

(A)

In 2011, the year following the study, all saplings were transferred to the shade leaf
treatment, where they were grown under 90% light reduction shade cloth for the entirety of
budbreak, leaf expansion and hardening (see Materials and Methods, Chapter 2). Despite
this, the previous year’s light treatment significantly affected several sapling architectural
traits. Saplings previously grown under the sun leaf treatment had 37% more leaves, 16%
smaller leaves, 44% more shoots, and 30% shorter shoots than saplings previously grown
in the shade (leaf number: tsg =4.27, P < 0.0001, individual leaf area: tsg =-2.69, P =
0.0093, shoot number: tsg =4.31, P < 0.0001, shoot length: tsg = -4.13, P < 0.0001;
Appendix 3B), suggesting that the effects of sunlight exposure carry over into at least the
following season. Initial sapling height and shoot number did not differ between saplings
assigned to sun and shade leaf treatments at the beginning of the experiment in 2010 (Table
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2.1), showing that these architectural differences were the result of sun and shade

treatments.
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Appendix 4. Wild limacodid larvae collected during censuses of each potted and naturally-

occurring white oak tree in the summer 2010 experiment manipulating leaf phenotype (sun

or shade leaves) and light environment (light gap or shaded forest understory habitat) in a

two-way factorial design.

Light environment Leaf type Total n wild Species (n)
limacodid
larvae
Sun Sun (naturally-ocurring) 1 Natada nasoni (1)
Sun (pot) 3 Prolimacodes badia (2)
Tortricidia testacea (1)
Shade (pot) 2 Acharia stimulea (1)
Tortricidia testacea (1)
Total in sun habitat 6
Shade Shade (naturally-ocurring) 0 N/A
Sun (pot) 7 Adoneta spinuloides (1)
Acharia stimulea (4)
Lithacodes fasciola (1)
Tortricidia testacea (1)
Shade (pot) 1 Euclea delphinii (1)
Total in shade habitat 8
Total 14
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Appendix 5. Regression of percent body nitrogen on adult dry body mass in the parasitoid,
Austrophorocera sp. (Tachinidae: Diptera; body mass: R%7 = 0.582, P < 0.0001; sex: F1; =

1.53, P = 0.2224). Percent nitrogen = 13.505 - 0.1556 % body mass.

14

R? = 0.582
e ° P < 0.0001

13

12

11

Percent Nitrogen

10

1

0 T T T T 1
0 5 10 15 20 25

Austrophorocera adult body mass (mg)

230



