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ABSTRACT
An organism’s population dynamics can be influenced by its current environment, as well as the
environment experienced by previous generations. Maternal effects, the influence of maternal
phenotype or environment on offspring phenotype, have been implicated in the generation of
population cycles. For insect herbivores, plant quality is an obvious factor through which
maternal effects might operate.

Aphis nerii, the milkweed-oleander aphid, is a phloem-feeding specialist of milkweed and
oleander. Its host plants, species in the genus Asclepias, exhibit variation in many traits
important to insect herbivores including foliar nitrogen concentrations, cardenolide
concentrations and trichome densities.

I first describe a set of experiments examining the effects of plant quality, insect clone
and insect density on aphid vital rates (birth, death & migration). The importance of these
factors was systematically assessed in both the maternal and offspring generation. While
maternal effects were present, within generation effects on vital rates were much stronger and

therefore more likely to impact aphid population dynamics.



I next report an experimental examination of the effects of maternal age, density and host
plant species on offspring vital rates. Of the three factors studied, maternal age had the largest
influence on offspring vital rates. However, maternal age effects were not large in magnitude.
Together, the first two studies indicate that while maternal effects are present in this system, it is
unlikely that they strongly influence aphid population dynamics.

I then present a density-manipulation experiment examining the effects of simulated
nitrogen deposition on the interaction between aphids and their host plant. Nitrogen deposition
increased plant foliar nitrogen concentrations, plant biomass and aphid per capita population
growth. Nitrogen deposition caused aphid Ry« and K to increase proportionally, leading to no
change in the strength of density-dependence.

Finally, I discuss the effects of variation in aphid density on induced plant responses.
Aphid density influenced plant chemistry and biomass, and the effect varied among plant
species. However, in no case was there an increased expression of plant defensive compounds at

higher aphid densities.

INDEX WORDS: Aphis nerii, Asclepias, cardenolides, density-dependence, milkweeds,
maternal effects, nitrogen deposition, plant quality
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CHAPTER 1

INTRODUCTION & LITERATURE REVIEW

For decades, population ecologists have attempted to tease apart the forces
governing population change and to uncover which, of a myriad of possible choices, are
most important in determining population dynamics, with the goal of eventually being
able to predict future dynamics (Berryman 1999).

Maternal effects, the effect of a mother’s (parent’s) phenotype or environment on
offspring phenotype (Mousseau and Fox 1998b), have the potential to influence the
population dynamics of future generations (Benton et al. 2005) and, because they act on a
time lag, to cause population cycles (Beckerman et al. 2002, Ginzburg and Colyvan
2004). While maternal effects are ubiquitous (Bernardo 1996, Mousseau and Fox
1998b), their persistence, strength, and dynamical consequences remain unclear
(Berryman 1995, Turchin and Hanski 2001, Kendall et al. 2005, Beckerman et al. 2006,
Plaistow et al. 2006).

For insect herbivores, variation in plant quality can influence both current and
future generations (Denno and McClure 1983, Hunter and Price 1992, Underwood and
Rausher 2000, McIntyre and Whitham 2003). Therefore, anthropogenic changes that
influence plant quality are also likely to effect the population dynamics of insect

herbivores (Hughes and Bazzaz 2001, Throop and Lerdau 2004, Hall et al. 2005).



This introductory chapter summarizes our current understanding of maternal
effects on population dynamics and explains the motivation behind the hypotheses
explored in subsequent chapters. I begin by reviewing the potential role of maternal
effects in population dynamics and specifically in aphid biology. I then consider the
effects of plant quality on insect herbivores and feedbacks from insects to plants via
induced plant responses. Finally, I introduce my study system and present the specific

hypotheses tested in subsequent chapters.

Maternal effects and population dynamics

Non-Mendelian parental effects occur when the phenotype or environment of the
parent affects the phenotype of the offspring (Mousseau and Fox 1998b). Parents
obviously provide a direct genetic contribution to their offspring, but maternal effects are
the nongenetic transfer of information across generations. Maternal effects are
ubiquitous, having been found in most taxa and for many characters for which they have
been sought (Bernardo 1996, Mousseau and Fox 1998a, Mousseau and Fox 1998b).

Birth, Immigration, Death and Emigration (BIDE) are the only four processes that
can change the size of a population. I surveyed the insect literature (using ISI’s Web of
Science © , covering from 1945-2006, and searching approximately 50 journals) to locate
examples of maternal effects that directly influence any of these four processes (Table
1.1). For example, gypsy moth daughters emerging from large eggs have higher
fecundities than those from small eggs (Rossiter 1991b). Immigration and emigration
were combined into one category in Table 1.1. Most of these examples refer to the

production of dispersing morphs. The final category, death, contains examples of



maternal effects that were shown to influence survival. For example, maternal nutrition
was found to influence offspring viability in the western tent caterpillar, Malacosoma
pluviale (Wellington 1965).

Maternal effects can generate population cycles if two requirements are met: 1)
they must influence one of the four population processes (birth, death, immigration, or
emigration) and 2) their operation is density dependent. By connecting the parental
environment or phenotype to the offspring phenotype, maternal effects introduce a time
lag into population dynamics (Rossiter 1994, Beckerman et al. 2002). This time lag
causes a delay in the density dependent response which can destabilize population
dynamics and lead to cycles (Turchin 1990, Royama 1992, Berryman 1999). In other
words, by influencing density dependent birth, death, immigration or emigration rates on
delay, maternal effects have the potential to lead to population oscillations (Ginzburg and
Taneyhill 1994, Ginzburg 1998, Inchausti and Ginzburg 1998, Benton et al. 2001,
Ginzburg and Colyvan 2004, Benton et al. 2006).

A number of theoretical models have been developed that include maternal
effects, though currently there is no consensus as to how this should be done (Berryman
1995, Benton et al. 2001, Beckerman et al. 2002, Kendall et al. 2005, Plaistow et al.
2006). Ginzburg and Taneyhill (1994) developed a model that includes offspring quality,
(which in turn influences survival and fecundity) as a function of maternal quality. Their
model produces cyclic population dynamics that fit the dynamics of six species of forest
Lepidoptera better than delayed logistic models (Ginzburg and Taneyhill 1994). A
similar model by Inchausti and Ginzburg (1998) was used to explore the population

cycles of voles. In this model, changes in individual quality affect population growth



rates. Maternal effects are the method for the phenotypic transmissions of individual
quality across breeding periods, which is a mechanism to generate delayed density
dependence (Inchausti and Ginzburg 1998). However, it has been shown recently that a
different model incorporating species interactions and not maternal effects fits those data
better (Turchin and Hanski 2001). Ginzburg (1998) has shown how maternal effects can
be a way to incorporate ‘inertial growth’ into population dynamics, and that perhaps it is
better to measure changes in population growth rather than changes in abundance
(Ginzburg 1998). This idea is further developed by Ginzburg and Colyvan (2004).
Using physics and planetary orbits as a metaphor, they describe how the maternal
environment affects the ‘acceleration’ (rate of change of the growth rate) of subsequent
generations. They argue that population growth is a second-order dynamics process and
that this second order process is due to maternal effects on the rate of change of
population growth rate and not species (predator-prey) interactions (Ginzburg and
Colyvan 2004).

Based upon her empirical work (Rossiter 1991a, b, Rossiter et al. 1993, Rossiter
1998), Rossiter (1994) developed a maternal effects hypothesis for herbivore outbreaks.
She hypothesized that population quality in the parental generation is expressed on a time
delay and influences population quality in subsequent generations via maternal effects.
Maternal effects provide the means for a herbivore population to escape regulation by its
predator leading to an outbreak. The density-dependent relationship between enemy and
herbivore is temporarily lost leading to a disproportionately higher or lower than normal
number of herbivores. The loss of the connection between an insect herbivore and its

predator leads to outbreak dynamics (Rossiter 1994).



The strongest empirical evidence documenting the effects of maternal
environment on population dynamics has been collected by Benton and colleagues
working with the soil mite Sancassania berlesei (Benton et al. 2001, Beckerman et al.
2002, Plaistow et al. 2004, Benton et al. 2005, Beckerman et al. 2006, Plaistow et al.
2006). In their system, food availability in the maternal environment affects offspring
age and size at maturity. Specifically, high maternal food availability reduces the slope
of the reaction norm of age and size at maturity while low maternal food availability
increases the slope (Plaistow et al. 2004). Additionally, maternal environment (food
availability and age) influences subsequent population dynamics for up to three
generations. The mechanism is the trade-off between female fecundity and per-egg
provisioning of protein which depends on maternal food availability and age. This
differential provisioning of offspring leads to differences in growth, maturation and
fecundity which lead to differences in population dynamics (Benton et al. 2005).
Maternal effects are context dependent and depend on the maternal and subsequent
offspring environments (Beckerman et al. 2006, Plaistow et al. 2006). Low food
availability in the maternal environment weakens the maternal effect because of a lack of
variation in egg size. Conversely, high food in the maternal environment generates
increasing variation in egg size which then leads to strong effects in later generations
(Plaistow et al. 2006). Finally, the maternal environment, through its effects on maternal
fecundity, changes the offspring competitive environment and these changes in offspring
competitive environment have a stronger impact on offspring performance than changes

in offspring quality (Beckerman et al. 2006).



Empirical evidence is equivocal concerning the influence of maternal effects on
population dynamics in the field (Yerger and Rossiter 1996, Erelli and Elkinton 2000).
Thus far, in only one system, the pine looper moth in Britain, has there been both
empirical evidence supporting the maternal effects hypothesis (maternal body size affects
offspring performance) and a dynamical model based on maternal effects that fits the
field data better than a model based on plant quality or parasitoids (Kendall et al. 2005).
Experimental research has documented the pervasiveness of maternal effects, and
population dynamics research continues to emphasize the importance of delayed density
dependence and population variability. However, it is currently unknown how often
maternal effects exert a significant effect on population dynamics. In other words, are
maternal effects pervasive factors affecting population dynamics or are they more or less

frequent depending upon circumstances (Beckerman et al. 2002)?

Maternal effects in aphids

Aphids are ideal organisms which with to study maternal effects. Aphids have
telescoping generations, which means that within a single aphid there are embryos within
embryos (Figure 1.1). This large generational overlap, granddaughters are present within
their grandmothers, could lead to strong maternal effects (Dixon 1998). Additionally,
aphids reproduce parthenogenetically for much of their life cycle and some species never
have sexual reproduction (Dixon 1998). Mothers are genetically identical to their
daughters and sisters, and there is no genetic recombination (Hales et al. 2002). The lack
of genetic variation across generations is ideal for focusing on non-genetic maternal

effects. Furthermore, the lack of genetic variation prevents selection from taking place



during experiments. An additional benefit of working on aphids is their short generation
time, which allows for a high potential correlation between maternal environment and
offspring environment. Maternal effects are known to be important in aphids, especially
in the production of different morphs (Dixon 1998). Typically, cues in the maternal
environment such as crowding (Hall and Ehler 1980), low temperature, (Nunes and
Hardie 1999), decline in plant quality (Wiktelius 1992), changing photoperiod (Hardie
and Lees 1983), or the presence natural enemies (Dixon and Agarwala 1999) lead to the
production of alates (winged aphids). Similar cues lead to the production of sexual or
diapausing morphs in certain species (Lees 1963). Table 1.2 shows a wide variety of
maternal effects that have been documented in many aphid species. The references were
collected by searching through ISI’s Web of Science © using the terms maternal effects,
aphids, alate, sexuparae, and diapause, covering the years 1945-2006 and searching

approximately 50 journals.

Plant-quality and insect herbivores

Plant quality is a broad term that encompasses any physical, chemical or
biological traits of plants ( e.g. size and structure, nutritional value, secondary
compounds, and phenology) that influence herbivore preference or performance.
Variation in host plant quality influences insect herbivore survival (Haggstrom and
Larsson 1995, Lill and Marquis 2001, Ladner and Altizer 2005), development time
(Haggstrom and Larsson 1995, Tsai and Wang 2001, Wheeler 2001, Ladner and Altizer
2005), fecundity (Rossiter 1988, Tsai and Wang 2001), propensity to diapause (Hunter

and McNeil 1997), and the strength of density dependence (Agrawal 2004). Variation in



plant quality also influences herbivore population dynamics (Underwood and Rausher
2000, Mclntyre and Whitham 2003, Underwood 2004, Helms and Hunter 2005).
Additionally, variation in plant quality can also affect higher trophic levels which can
then indirectly affect insect herbivores (Hunter and Price 1992, Hartvigsen et al. 1995,
Lill and Marquis 2001, Helms et al. 2004, Fonseca et al. 2005). However, I am going to
focus on direct effects of variation in plant quality on insect herbivores.

Typically, research that addresses the effects of variation in plant quality on insect
herbivores follows one of two routes: (1) exploiting natural variation in plant quality
within and among species (Underwood and Rausher 2000, McIntyre and Whitham 2003,
Agrawal 2004, Agrawal et al. 2004, Helms et al. 2004) or (2) generating intra-specific
variation by directly manipulating plant quality within a species (Nevo and Coll 2001,
Perkins et al. 2004, Sudderth et al. 2005). Within the second group, there have been
many reported effects of nitrogen fertilization on insect herbivores. Because most insect
herbivores are nitrogen limited (White 1993) we might predict increases in herbivore
densities with increasing levels of nitrogen. In a review of nitrogen fertilization
experiments conducted by Kyto and colleagues, aphids were found to respond positively
to nitrogen fertilization while other insect guilds often showed no response or a negative
response (Kyto et al. 1996). Nitrogen fertilization has also been linked with increased
insect density, shorter development time, higher survival rates, increased insect mass,
higher fecundity and higher R, (Mattson 1980, Cisneros and Godfrey 2001, Nevo and
Coll 2001, Tsai and Wang 2001, Stiling and Moon 2005). However, other studies have
found negative or no effects of nitrogen fertilization on insect abundance or performance

(Bethke et al. 1998, Casey and Raupp 1999, Muller et al. 2005).



Insect herbivores and induced plant responses

Plant quality influences insect herbivores and insect herbivores influence plant
quality. Induced plant responses to herbivory are broadly defined as any modification in
the plant following damage, including changes in plant quality due to production of toxic
or anti-nutritional compounds, protein or nutritional constituents, leaf toughness, thorns,
spines or trichomes (Karban and Baldwin 1997). Following damage, plant nutritional
quality may decrease or the concentration of secondary compounds or physical defenses,
or both, may increase (Green and Ryan 1972, Karban and Baldwin 1997, Agrawal 1999,
Abdala-Roberts and Parra-Tabla 2005). In many cases, these induced changes reduce
subsequent herbivory and act as plant defenses (Carroll and Hoffman 1980, Karban and
Baldwin 1997, Agrawal 2000). It is thought that induced defenses are less costly than
constitutive defenses because the defenses are only activated after herbivory. Therefore,
the plant does not need to pay any associated ecological or allocation cost in the absence
of herbivory (Agrawal 1999, 2000, Strauss et al. 2002). Induced plant responses to
herbivory have been demonstrated multiple times for leaf chewing insect herbivores
(Green and Ryan 1972, Carroll and Hoffman 1980, Malcolm and Zalucki 1996, Karban
and Baldwin 1997, Wold and Marquis 1997).

Less is known about the effects of phloem-feeding insect herbivores on plant
induction. Because phloem-feeders do not remove leaf tissue per se, and in many cases
cause no decrease in plant biomass or leaf area, it is unlikely that plant induction by
phloem feeders will be the same as plant defense induction by leaf chewers (Martel and

Malcolm 2004). Typically, phloem-feeders elicit induction of plant chemical defenses,



but this response varies among plant species (Martel and Malcolm 2004, Cardoza et al.

2005).

Current System of Study:
Asclepias

The genus Asclepias is composed of predominately herbaceous perennials with a
wide geographic distribution including temperate to tropical North America, subtropical
South America, and southern and eastern Africa (Woodson 1954). These species are
known as milkweeds because almost all of them produce a milky, cardenolide-laden latex
when damaged (Malcolm 1991). Cardenolides, or cardiac glycosides, are a group of
cardiac-active steroids that are bitter tasting and toxic in high doses. Cardenolides have
been shown to have many negative effects on species that consume them due to their
emetic and toxic properties (Brower et al. 1984, Malcolm 1989, Malcolm and Brower
1989, Malcolm 1991). They act as a heart poison by blocking the Na'/K'/ATPase system
which transports ions across cell membranes. It is their bitter taste combined with their
potential toxicity that has implicated cardenolides in defensive use by plants against
natural enemies, including herbivores, parasites and pathogens (Malcolm and Zalucki
1996, Agrawal and Malcolm 2002).

There is a large degree of variability in cardenolide concentrations within and
among milkweed individuals and species (Malcolm 1991). For example, the roots of
Asclepias eriocarpa have the lowest cardenolide concentration, which increases through
leaves, stems, and latex (Nelson et al. 1981). Cardenolide concentrations also vary

temporally with leaves and latex of 4. eriocarpa showing a spring increase in

10



cardenolide, followed by a summer maximum and an autumn decline (Nelson et al.
1981). Additionally, analyses of population-level variation in cardenolide content have
shown that cardenolides vary qualitatively and quantitatively in space (Malcolm and
Brower 1989). Finally, there is considerable qualitative and quantitative variation among
Asclepias. Most species can be distinguished by their distinctly different cardenolide
‘fingerprint’ (Malcolm et al. 1989, Malcolm 1991). Additionally, cardenolide
concentrations range from undetectable in most A. tuberosa, through 14 g
cardenolide/0.1 g dry leaf tissue in 4. incarnata, to 376 pg cardenolide/0.1 g dry leaf
tissue in 4. viridis (Malcolm et al. 1989, Martel and Malcolm 2004).

In addition to variation in cardenolide concentration, milkweed species also vary
in carbon and nitrogen concentration, trichome density and plant size (Agrawal 2004).
Some milkweed species also contain chemicals other than cardenolides. For example,
pregnane glycosides have been isolated from the roots and leaves of Asclepias tuberosa

and A. incarnata (Abe and Yamauchi 2000, Warashina and Noro 2000b, a).

Aphis nerii Boyer de Fonsclombe

Aphis nerii, the milkweed-oleander aphid, is an aposematic phloem feeding
specialist of oleander (Nerium oleander) and species of Asclepias. The apterae are bright
yellow with black siphunculi and cauda, and the antennae and legs are also dark. Alates
are also yellow and black with dark wing veins. They often form dense colonies on
younger stems of host plants (Hall and Ehler 1980). They are widely distributed through
the Old and New World tropics and subtropics including many Pacific islands (Blackman

and Eastop 2000). These multivoltine aphids undergo parthenogenesis in the warm
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summer months. It was thought that 4. nerii was obligately parathenogenetic (Blackman
and Eastop 2000), however, sexual morphs (oviparae and males) are produced under
short-day and cool temperature conditions (Takada and Miyazaki 1992, 1993). A. nerii
have telescoping generations and are polymorphic with apterae (non-winged) and alate
(winged) morphs produced under different conditions. They are viviparous and the
aphids go through 4 instars before maturing to adults.

A. nerii feed on the internal phloem of host bicollateral vascular bundles (Botha et
al. 1977) and have been shown to sequester cardenolides from their host plants
(Rothschild et al. 1970, Malcolm 1990). Malcolm (1990) found that 4. nerii sequestered
almost all of the cardenolide forms present in the host plant, and so concluded that the
cardenolide concentrations in the aphid will co-vary with the concentrations in the host
plants. There does not appear to be a cost associated with feeding on high versus low
cardenolide plants (Malcolm 1992). Malcolm (1992) found no difference in growth rates
between aphid populations on plants with low and high concentrations of cardenolides in
the absence of predators. However, population growth rates were lower on low
cardenolide plants when predators were not excluded showing that the aphids sequester
cardenolides and use them as a defense against predation (Malcolm 1986, 1990, Malcolm

1992).
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In the following chapters, I further explore and test the following hypotheses:

e Chapter 2: A comparison of maternal effects and current environment on vital
rates of Aphis nerii, the milkweed-oleander aphid.
o HI1: Maternal density and host plant species affect offspring vital rates.
o H2: Offspring experience within-generation density-dependent rates of
survival, fecundity and alate formation that vary among host plant species.
o H3: The expression of maternal effects depends upon the offspring

environment.

e Chapter 3: Effects of maternal age and environment on offspring vital rates in
Aphis nerii, the milkweed-oleander aphid.
o HI: At low maternal densities, offspring survival and fecundity decrease
with maternal age.
o H2: At high maternal densities, older mothers produce offspring of equal
quality to those of younger mothers.

o H3: Host plant species influences the expression of maternal age effects.

o Chapter 4: Nitrogen deposition and variation in the population growth of insect
herbivores.
o HI1: Nitrogen deposition influences environmental carrying capacity (K),
aphid maximum per capita growth rate (Rn.x), and the strength of density

dependence.
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e Chapter 5: Declines in plant chemical defense induced by a phloem-feeding insect
herbivore.
o HI: Aphids induce quantitative and qualitative variation in Asclepias
defenses.
o H2: Species with high constitutive levels of cardenolides exhibit greater

induction than species with little or no constitutive levels of cardenolides.

e Chapter 6: Conclusions and future directions.
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Table 1.1: Maternal effects and BIDE. This table lists examples of maternal effects on offspring birth (B), death (D) or

immigration/emigration (I) in a variety of insect species. This table does not include maternal effects on alate production in

aphids which are covered in Table 2.

Species Maternal factor Offspring Reference
response
B | D |I/E
Saissetia coffeae fungi / density X (Spitzer 2004)
Tachyporus hypnorum diet quality X (Kyneb and Toft 2006)
Ancanthosomatid bugs variation in egg size & location X (Kudo 2001)
Callosobruchus chinensis age X (Yanagi and Miyatake 2002)
Callosobruchus maculatus age and # of matings X (Wasserman and Asami 1985,
Fox 1993)
Drosophila melanogaster age X (Kern et al. 2001, Priest et al.
2002)
Drosophila serrata age X (Hercus and Hoffmann 2000)
Elasmucha ferrugata variation in egg size & location X (Mappes et al. 1997)
Ephippiger ephippiger age X (Hockham et al. 2001)
Hylobius abietis size and nutrition X (Wainhouse et al. 2001)
Lymantria dispar foliar quality, nutrition, mass, X | X | X | (Rossiter et al. 1990, Rossiter
dietary iron, 1991b, Rossiter 1994, Diss et
al. 1996, Keena et al. 1998)
Malacosoma pluviale nutrition X (Wellington 1965)
Megoura viviae photoperiod X | (Blackman 1975)
Musca domestica age X (MclIntyre and Gooding 2000)
Muscidfurax raptor maternally transmitted X (Geden et al. 1992)
pathogen
Nazara viridula age X (Kiritani and Kimura 1967)
Oncopeltus fasciatus age X (Phelan and Frumhoff 1991)
Parasitopus armaticeps food availability X (Rasa 1998)
Pectinophora gossypiella ingestion of Bt X (Carriere et al. 2001)
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Pyrrhocoris apterus photoperiod (Honek 1980)

Scathophaga stercoraria nutrition X (Jann and Ward 1999)

Schistocerca gregaria density (Islam et al. 1994)

Stator limbatus nutrition, oviposition site, host X (Fox et al. 1995, Fox et al.
experiment 1997, Fox 2006)

Tenebrio molitor age X (Ludwig and Fiore 1960)

Tetranychus urticae age (Li and Harmsen 1993)

Tribolium confuscum age X (Raychaudhuri and Butz 1965)

Zophobas atratus age X (Tschinkel 1993)
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Table 1.2: The effects of maternal environment on production of alates (winged aphids), sexual morphs, soldier morphs in a

variety of aphid species.

Species Offspring response |Cue in maternal environment Reference
(Mackay 1977, Lamb and Mackay
1979, Stadler 1990, Dixon and
plant quality, density, age, morph, predator |[Agarwala 1999, McVean and Dixon
\Acyrthosiphon pisum alate production presence 2001, Muller et al. 2001)
\Acyrthosiphon pisum sexual morph photoperiod (Mackay et al. 1983, Via 1992)
\Aphis craccivora alate production density (Muller et al. 2001)

\Aphis fabae alate production photoperiod / temperature (Nunes and Hardie 1999)
\Aphis fabae sexual morph photoperiod / temperature (Nunes and Hardie 1999)
\Aphis gossypii alate production predator (Mondor et al. 2005)
\Aphis nerii alate production density (Hall and Ehler 1980)

Brevicoryne brassicae

alate production

temperature / density / plant quality

(Lamb and White 1966, Muller et al.
2001)

Chaetosiphon fragaefolii

alate production

density

(Muller et al. 2001)

Cinara cupressi alate production density (Kairo and Murphy 1999)
Diuraphsis nexia alate production density (Messina et al. 1993)
Dysaphis devecta alate production density (Forrest 1970)
Hyperomyzus lacturae sexual morph photoperiod (Harrington 1984)
Macrosiphum euphorbiae |alate production plant quality (Muller et al. 2001)

‘Macrosiphum rosae

sexual morph

photoperiod / temperature

(Wohrmann et al. 1991)

Megoura viciae alate production density (Lees 1967)

Megoura viciae sexual morph photoperiod (Hardie 1990)

Myzus persicae alate production density (Muller et al. 2001)

Myzus persicae sexual morph photoperiod (Mittler and Matsuka 1985)
Pemphigus betae sexual morph temperature / density (Moran et al. 1993)

Pemphigus bursarius

alate production

photoperiod / temperature

(Phillips et al. 1999)

Pseudoregma bambucicola

soldier production

density (colony size) / morph

(Shibao 1999)
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Rhopalosiphum insertum

alate production

density

(Dewar 1976)

Rhopalosiphum padi

alate production

photoperiod / temp. / plant quality / density
/ virus infection of plant

(Gildow 1982, Debarro 1992,
Wiktelius 1992)

Rhopalosiphum padi

sexual morph

photoperiod / temperature

(Lees 1966)

Sitobion avenae

alate production

density / virus infection of plant

(Gildow 1982, Muller et al. 2001)

Uroleucon jacaea

alate production

plant quality (water stress)

(Stadler 1990)
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Figure 1.1: Telescoping generations in aphids (Dixon 1998), the embryonic grand-

daughter is actually inside her grandmother.
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CHAPTER 2

A COMPARISON OF MATERNAL EFFECTS AND CURRENT ENVIRONMENT

ON VITAL RATES OF APHIS NERII, THE MILKWEED-OLEANDER'

'Zehnder, C.B. and M.D. Hunter. Accepted by Ecological Entomology. Reprinted here

with permission of publisher, 11/15/2006
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ABSTRACT

Non-Mendelian maternal effects, the effects of maternal phenotype or
environment on offspring phenotype, have been documented in numerous taxa. By
affecting offspring vital rates (birth, death and movement), maternal effects have the
potential to influence population dynamics. However, relatively few studies have
directly linked maternal phenotype or environment to offspring vital rates. Additionally,
even fewer studies have compared the magnitude of across generation effects (i.e.
maternal effects) to within-generation effects.

Because of their telescoping generations aphids can be strongly influenced by
maternal effects. The effects of maternal density and maternal host plant species on
offspring survival, fecundity and alate formation were experimentally investigated in
Aphis nerii, the milkweed-oleander aphid.

Additionally, the relative strength of maternal effects were compared with those
operating within a generation. Therefore, in another set of experiments, the effects of
current density and host plant species (within generation effects) on aphid vital rates were
examined.

While maternal effects were present, within generation effects were much
stronger and more strongly influenced aphid vital rates. Within a generation, aphids
exhibited density-dependent survival, fecundity and alate formation and these effects
varied among host plant species.

These results indicate that while maternal effects have the potential to affect

population dynamics, this potential is not always met. Additionally, the current
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environment, not the environment of previous generations, more strongly impacts

population dynamics.

Keywords: Aphis nerii, density-dependence, maternal effects, plant-insect interactions,

plant quality
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INTRODUCTION

Non-Mendelian maternal effects describe the effect of a mother’s phenotype or
environment on offspring phenotype (Mousseau and Fox 1998, Agrawal et al. 1999,
Beckerman et al. 2002). Cues in the maternal environment can affect offspring size
(Wainhouse et al. 2001, Fischer et al. 2003, Plaistow et al. 2004), survival (Hockham et
al. 2001, Wainhouse et al. 2001), development rate (Rossiter 1991a, Fox et al. 1995,
Benton et al. 2005), fecundity (Rossiter 1991b, Hockham et al. 2001, Benton et al. 2005)
, movement (Islam et al. 1994, Diss et al. 1996) and defenses (Agrawal 1999). While it is
clear that maternal effects are pervasive, their potential ecological impacts and relative
importance are not well understood and warrant further investigation (Beckerman et al.
2002).

Maternal effects have the potential to influence population dynamics (Rossiter
1991a, Ginzburg and Taneyhill 1994, Benton et al. 2001, Beckerman et al. 2002, Hunter
2002, Benton et al. 2005, Kendall et al. 2005). By connecting the maternal environment
or phenotype to offspring phenotype, maternal effects introduce a time lag that can cause
a delay in density-dependent processes (Rossiter 1994) which can lead to population
cycles (Berryman 1999). Models with maternal effects as the mechanism underlying the
time lag in density-dependence have shown that maternal effects generally cause
increased population fluctuation (Benton et al. 2001).

Plant quality is a broad term that encompasses any physical, chemical or
biological traits of plants ( e.g. size and structure, nutritional value, secondary
compounds, and phenology) that influence herbivore preference or performance.

Variation in host plant quality influences insect herbivore survival (Haggstrom and

42



Larsson 1995, Lill and Marquis 2001, Ladner and Altizer 2005), development time
(Haggstrom and Larsson 1995, Tsai and Wang 2001, Wheeler 2001, Ladner and Altizer
2005), fecundity (Rossiter 1988, Tsai and Wang 2001), and the strength of density
dependence (Agrawal 2004).

For parthenogenetic herbivores, different clones may vary in their responses to
different host plants. For example, studies of pea aphids on alfalfa and red clover have
shown that clones collected from these two hosts prefer to feed on their own ‘home’ host
(Via 1991) and that pea aphids recognize host specific chemical stimulants (Del Campo
et al. 2003). In Aphis nerii, clonal variation in the proportion of alates produced has been
correlated with the degree of habitat permanence (Groeters and Dingle 1989).

Aphids are ideal organisms with which to study maternal effects. Aphids have
telescoping generations, which means that within a single aphid there are embryos within
embryos. This large generational overlap, granddaughters are present within their
grandmothers, could lead to strong maternal effects (Dixon 1998). Additionally, aphids
reproduce parthenogenetically for much of their life cycle and some species never have
sexual reproduction (Dixon 1998). Mothers are genetically identical to their daughters
and sisters, and there is no genetic recombination (Hales et al. 2002). The lack of genetic
variation across generations is ideal for focusing on non-genetic maternal effects.
Furthermore, the lack of genetic variation prevents selection from taking place during
experiments. An additional benefit of working on aphids is their short generation time,
which allows for a high potential correlation between maternal environment and
offspring environment. Maternal effects are known to be important in aphids, especially

in the production of different morphs (Dixon 1998). Typically, cues in the maternal
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environment such as crowding (Hall and Ehler 1980), low temperature, (Nunes and
Hardie 1999), decline in plant quality (Wiktelius 1992), changing photoperiod (Hardie
and Lees 1983), or the presence natural enemies (Dixon and Agarwala 1999) lead to the
production of alates (winged aphids). Similar cues lead to the production of sexual or
diapausing morphs in certain species (Lees 1963)

Variation in insect density, plant quality and insect clone can all potentially affect
vital rates both across and within-generations. Therefore the question is: which of these
ecological factors is most important and when do they operate? More specifically, it was
hypothesised that maternal host plant species and maternal density would strongly
influence offspring vital rates. Additionally, it was hypothesized that host plant species
and aphid clone would affect within-generation density-dependent survival, fecundity and

alate productive of 4. nerii.

METHODS
Study system

Aphis nerii Boyer de Fonscolombe (Hemiptera: Aphididae), the milkweed-
oleander aphid, is an aposematic phloem feeding specialist of milkweed (Asclepias spp)
and oleander, Nerium oleander L. (Apocynaceae) that reproduces parthenogenetically.

In August 2003, three A. nerii individuals were collected from geographically
distinct locations (Atlanta, Georgia; Augusta, Georgia and Gainesville, Florida). Each of
these is referred to as a separate clone (i.e. clone Emory, Augusta and Florida). An aphid
colony was initiated from one individual from each location, leading to three lab

colonies. Separate colonies of these aphid clones are kept at low densities on Asclepias
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syriaca in the lab. The colonies are kept in the same growth chamber in which all the
experiments were run (described below) and experience the same light and temperature
regime. An explicit comparison of these clones was made only in experiment three
(below). The genus Asclepias is composed of predominately herbaceous perennials that
contain a class of compounds known as cardenolides or cardiac glycosides. There is a
large degree of variation in cardenolide concentration among Asclepias species both
qualitatively and quantitatively (Malcolm et al. 1989, Agrawal 2004).

All research was conducted in a temperature and light controlled walk-in growth
chamber. Grow lights on timers (16 hours day: 8 hour night) provide heat and light,
daytime and nighttime temperatures are 34 + 2.4°C and 24 + 0.48 °C, respectively.
Asclepias seeds were obtained from a seed distributor (Butterfly Encounters), grown in
Farfard 3B soil with Osmocote time-release fertilizer (14-14-14, N:P:K) and watered as
needed. In all experiments, plants were randomly assigned to treatments and rotated
daily to homogenize any environmental gradients within the growth chamber. Figure 2.1

summarizes the methods used in each experiment, described below.

Experiment 1: Maternal host plant effects

This experiment was designed to determine if the host plant species of the
maternal generation affects offspring vital rates; all variables except maternal host plant
species were held constant. Because aphids have telescoping generations, it was thought
that the maternal host plant effect would be stronger if multiple previous generations
were on different host plant species. Therefore, aphids were reared on different host

plant species for seven generations and then the eighth generation was on a common host
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plant species. Seven Asclepias species were chosen: A. exaltata, A. incarnata, A.
speciosa, A. sullivantii, A. syriaca, A. tuberosa, and A. viridis. These species encompass
a range of variation in plant quality traits (Agrawal 2004). At the start of the experiment,
January 2005, all seedlings were four weeks old and approximately the same size. There
were seven replicates of each host plant species. A first instar aphid from the clone
Florida colony was placed on each plant and the first generation developed. There was
no movement of aphids among plants. When the first generation started to reproduce, all
but one offspring was removed from the plant. Mass and age (in days) at maturity was
recorded for each generation. This continued for seven generations. Finally, when the
seventh generation started to reproduce, their first seven offspring were removed from the
plant and each offspring was placed individually on an A. syriaca seedling. Daily
observations were made of survival and fecundity in the offspring generation. Age, mass
and aphid morph (alate or apterae) was recorded when the aphids reached maturity.
Additionally, all offspring produced were removed (the offspring’s offspring) after daily

counts. These observations continued until all aphids died (approximately 30 days).

Experiment 2: Maternal Density Effects

This experiment was designed to determine if maternal density influences
offspring vital rates; all variables were held constant except for maternal density. In
February 2004, the maternal generation was established at four densities: 1, 25, 50 and 75
aphids per plant, with each density replicated seven times. These densities represent
natural aphid abundances (Hall & Ehler, 1980). First instar clone Florida aphids were

placed on four week old 4. syriaca seedlings at the appropriate density, and each plant
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was caged to prevent aphids in the high density treatments from walking off the plants.
Cages were constructed from 710ml Ziploc containers and organza netting over wire
frames. When the maternal generation started to reproduce, the first eight offspring were
removed and placed individually on an A4. syriaca seedling. There were a total of 224
aphids in the offspring generation (4 maternal densities x 7 replicates (mothers) per
density x 8 offspring). Daily observations were made of survival and fecundity in the
offspring generation. Aphid morph was recorded when the aphids reached maturity. As
before, all offspring produced were removed (the offspring’s offspring) to keep densities

constant. These observations continued until all aphids died (approximately 30 days).

Experiment 3: Within Generation Effects

Laboratory experiments were performed to examine density dependent vital rates
of Aphis nerii on four Asclepias species. These experiments investigated within-
generation effects, not maternal effects. It was hypothesized that A. nerii would exhibit
density dependent survival, fecundity and alate formation, and that these responses would
vary among aphid clones and host plant species. Four Asclepias species (4. tuberosa, A.
viridis, A. incarnata and A. syriaca) were chosen to represent a range of plant quality
traits. The four species vary in foliar carbon:nitrogen ratios, trichome density (Agrawal,
2004) and cardenolide content (Agrawal, 2004; Malcolm, 1989)

The identical experimental design was repeated on the four host plant species (4.
tuberosa: June 2004, A. viridis: July 2004, A. incarnata: October 2004 and A4. syriaca:
November 2004). For each experiment, three aphid densities (1, 25 and 50 aphids per

plant) were established on 1 month old Asclepias seedlings. Initially, five adult aphids
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were placed on all experimental plants and left to reproduce on the plants overnight.
They were then removed and their offspring thinned out to the appropriate density. This
was repeated for all three aphid clones, except for the experiment on 4. syriaca for which
only the Emory and Florida clones were used because there were not enough aphids from
the Augusta clone at the start of the experiment. Each density was replicated seven
times, for a total of 63 plants per experiment (3 densities x 3 clones x 7 replicates = 63
plants). Each plant was caged. Daily counts were made of the number of aphids
surviving and number of offspring produced. All offspring were removed daily. This
continued until all of the aphids died (approximately 30 days). When the aphids reached
maturity, mass and proportion alate were recorded. Using a paintbrush, one aphid (on the
low density treatment) or five aphids were removed and individually weighed on a
Mettler Toledo balance (Mettler Toledo, Im Langacher, Switzerland, max 2.1g, d=0.1ug).
Then the aphids were carefully placed back on the plant. Because of time and space
limitations, we could not examine all host plants at the same time. However,
photoperiod, temperature and other environmental conditions remained constant in the

growth chamber over the course of all experiments.

Experiment 4: Variable Maternal and Offspring Density Effects

Results from the previous experiments led us to test the hypothesis that the
expression of maternal effects depends on the offspring’s environment. In April 2005,
using aphids from a single clone (Florida), two densities were established in the maternal
generation: one aphid per plant and 50 aphids per plant. There were 10 replicates of the

high density treatment and 40 replicates of the low density treatment. Many more low
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density plants were needed to insure that there were enough aphids to establish the high
density treatment in the next generation. Their offspring were either put on plants at low
density (L: 1 aphid per plant) or high density (H: 50 aphids per plant). This led to four
possible combinations: HmaternatHofrsprings HmaternatLoffsprings LmaternatHoftspring, Lmaternatloffspring-
For the low density offspring, one aphid was randomly chosen from the appropriate
maternal density. For the high density offspring, 50 aphids were chosen from among
multiple maternal plants. Each combination was replicated ten times for a total of forty
experimental plants in the offspring generation. Each plant was caged. Daily counts
were made of the number of aphids surviving and number of offspring produced. All
offspring (the offspring’s offspring) were removed daily. This continued until all of the
aphids died. When the aphids reached maturity, mass and proportion alate was recorded.
As before, when they reach maturity, aphids were removed, weighed and returned to their

plant to continue reproducing.

Analyses

Data were analyzed using SAS 8.2 for Windows and the residuals of the ANOVA
models were tested for normality. Data sets whose residuals failed to meet the
assumptions of normality were transformed and reanalyzed. Proportion surviving and
proportion alate data were arcsine square root transformed, and, when necessary, other
data were log transformed.

Maternal effects data (experiments 1 and 2) were analyzed using a nested
ANOVA (PROC GLM) with either host plant species or density as the treatment effect

and maternal ID nested with species or density. Response variables were number of days
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surviving, total fecundity, age at maturity and mass at maturity (for experiment 1 only).
If there was a significant effect of maternal environment on offspring survival, fecundity
or age at maturity, then aphid instantaneous rate of increase ‘r’ was calculated using
Euler’s equation. Specifically, daily survivorship and fecundity were used to calculate
generation time and estimate ‘r’. Then Euler’s equation was iterated to produce a more
exact estimate (Gotelli 2001).

Within-generation effects on survival and fecundity (experiment 3) were analyzed
using the repeated measures framework of PROC MIXED with a Typel autoregressive
model (Littell et al. 1998). To investigate within-generation host plant effects (also
experiment 3), all the within-generation effects experiments were combined in a single
model. In this case, total fecundity, lifespan, mass, age at maturity and proportion alate
data were analyzed using a 3-way ANOVA with host plant, density and clone as the
treatment effects. A repeated measures framework was not used for this analysis because
the response variables were all determined at the end of the experiment and not measured
over time. Because the experiments with different host plants were conducted in
different months (above), host plant effects are confounded with any uncontrolled
environmental variation among experiments. Host plant comparisons in experiment 3
should therefore be viewed with caution.

Data from the final experiment were analyzed using a 2-way ANOVA with
maternal density and offspring density as the two main effects and total fecundity,

lifespan, mass, age at maturity and proportion alate as response variables.
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RESULTS
Experiment 1

There was no effect of maternal host plant species on offspring survival (Nested
ANOVA, Fg33=0.52, P =0.792), fecundity (Nested ANOVA, F¢33=0.56, P =0.758),
mass at maturity (Nested ANOVA, Fs33=1.66 P=0.157) or age at maturity (Nested

ANOVA, Fg33 = 1.43, P=0.229) (data not shown). No alates were produced

Experiment 2

Maternal density affected offspring development rate. Mothers in the lowest
density treatment (1 aphid per plant) produced offspring that matured on average nine
hours (6.31 + 0.08 days) faster than those from mothers at higher densities (pooled mean
for densities 25, 50 and 75: 6.9 + 0.05 days; Nested ANOVA, F3,4 =4.88, P =0.009).
Aphid instantaneous rate of increase ‘r’ decreased as maternal density increased
(maternal density (aphids/plant) = r (aphids / aphids*day) : 1 =0.67, 25 =0.62, 50 =
0.613, 75 = 0.605. There was no effect of maternal density on offspring survival (Nested
ANOVA, F3,4=2.44, P =0.089) or total fecundity (Nested ANOVA, F3,4=1.13, P=

0.357) (data not shown). As in the first experiment, no alates were produced.

Experiment 3

Within-generation effects on A. nerii vital rates were strong. Aphids exhibited
density-dependent survival, fecundity and alate formation. Rates of survival varied with
density on all four host plant species. (Figure 2.2 A-D Proc Mixed; 4. tuberosa:

density*date Fs4 1570 =4.77, P <0.0001; 4. incarnata: density*date F'sy ja40 =2.42, P <
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0.0001; A4. viridis density*date Fgs 1731 = 6.15, P <0.0001; 4. syriaca: density*date
Fsa990 =2.64 P <0.0001). Additionally, density influenced patterns of fecundity over
time on all host plant species (Figure 2.3 A-D: 4. tuberosa density*date Fag43 = 21.10,
P <0.0001; 4. incarnata density*date Fss 1404 = 2.66, P < 0.0001; A. viridis: density*date
Fs31412=20.11, P <0.0001; 4. syriaca: density*date Fi, 733 = 3.5, P <0.0001). On 4.
tuberosa, clone Augusta reached its peak reproductive output earlier than the other aphid
clones (data not shown: clone*date Fg 340 = 1.89, P <0.0003). The clone*date interaction
was not significant on any of the other host plant species.

In a larger model which included all four host plant species, the expression of
density dependence on aphid vital rates varied among Asclepias species. Density-
dependent reductions fecundity were strongest on 4. viridis (Figure 2.4a host*density:
Fe196 =15.24, P <0.0001). Similarly, density-dependent reductions in aphid lifespan
were strongest on A. viridis (Fig. 4b host*density: F 196 = 8.22, P <0.0001). As density
increased aphid mass at maturity decreased on A. viridis, but not on the other two plant
species (Figure 2.4c host*density: Fg, 196 = 2.68, P = 0.034). Mass at maturity on A.
tuberosa could not be measured because the scale was not accessible at the time of that
experiment. Age at maturity was constant over all three densities on 4. fuberosa, but it
decreased as density increased on the other three species (Figure 2.4d host*density: Fs 196
=2.14 P=0.05). There were no alates produced at any density on A. incarnata and A.
syriaca. However, the proportion alate increased with density on 4. fuberosa and A.
viridis (Figure 2.4e host*density: Fs 196 = 26.49, p <0.0001). There were alates produced
at the highest density on A. tuberosa and on the intermediate and highest density on 4.

viridis. Total fecundity of clone Florida was 5.65% lower than that on the other clones
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(data not shown: F 196 = 3.83, P =0.023). Aphid clone did not influence any other vital

rates.

Experiment 4

When both maternal and offspring densities were varied consecutively, within-
generation effects on A. nerii vital rates were stronger. In all cases except for proportion
alate, the expression of maternal effects did not depend on the offspring environment.
Total fecundity in the offspring generation was not influenced significantly by maternal
density, offspring density or their interaction (Figure 2.5a: maternal /' 33 =3.80, P =
0.06, offspring F; 33 = 3.75, P = 0.061, maternal*offspring ' 33 = 2.19, P = 0.148). High
offspring density, but not maternal density or their interaction, reduced offspring survival
(Figure 2.5b: maternal F; 33 = 0.17, P = 0.682; offspring: F 33 =25.79, P <0.0001;
maternal*offspring: F33 =0.12, P=0.731). Similar to experiments 2 and 3, age at
maturity increased with density in the maternal generation, but decreased with density in
the offspring generation (Figure 2.5c: maternal: £ 33 = 5.74, P = 0.022; offspring: Fj 33 =
32.36, P <0.0001, maternal*offspring: F; 33 =0.12, P=0.733). Alates were produced on
only six of forty plants and five of these were HmaeralHottspring plants (Figure 2.5d:
maternal: Fj 33 =7.20, P =0.011; offspring: F; 33 =9.03, P = 0.005; maternal*offspring:
F133=7.20, P=0.011). Neither maternal density, offspring density, nor their interaction
explained any of the variation in aphid mass at maturity (data not shown; maternal: F| 33
=1.98, P=0.169; offspring F'; 33 =0.15, P = 0.701; maternal*offspring: F 33 =0.001, P

=0.958).
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DISCUSSION

This research examined the effects of plant quality, insect clone and insect density
on aphid vital rates. The importance of these factors was systematically assessed in both
the maternal and offspring generation. While maternal effects were present, within
generation effects on vital rates were much stronger and are therefore more likely to have
an impact on aphid population dynamics.

Compared to within-generation effects, maternal effects were relatively weak and
had little or no impact on aphid vital rates. Neither maternal density nor maternal host
plant species influenced offspring survival, fecundity or alate formation. However,
maternal density influenced the age at which offspring reached maturity. Offspring of
mothers experiencing a low density reached maturity faster, approximately nine hours
earlier, than offspring of high-density mothers. Whether a nine hour difference in
development rate matters ecologically for an organism that lives on average for less than
20 days is unclear. Using daily survivorship and fecundity to calculate ‘r’ for each
maternal density treatment showed that these small changes in development schedules
influence ‘r’ and, therefore, have the potential to influence long term population
dynamics. However, aphids only occur at these low densities (1 aphid per plant) when
they are colonizing a new plant, and then their densities rapidly increase. Currently, it is
unknown how these rapid changes in density would influence ‘r’. Long term experiments
would be required to asses the importance of this effect on the dynamics of 4. nerii.

In many published cases, maternal effects are strong initially but then decline as
offspring age (Mousseau and Fox 1998). Therefore, it was not surprising that maternal

density influenced offspring age at maturity, but not offspring survival or fecundity. In a
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review of environmental influences of diapause expression in insects, Mousseau and
Dingle (1991) reported that most maternal effects link environmental cues experienced
by mothers with phenotypic expression in embryos, and that plastic responses are
generally strongest between adjacent developmental stages (Mousseau and Dingle 1991).
Therefore, adult traits may not be influenced as strongly by the maternal environment as
are embryonic or early developmental traits.

Maternal effects on offspring development rate are not uncommon. Maternal and
paternal photoperiod influence offspring development rate in Drosophila melanogaster
(Giesel 1988). Parents experiencing short-day conditions produce progeny with shorter
development times than do long-day parents. The host plant species that a gypsy moth
mother is feeding on influences offspring development rate. Offspring develop
significantly faster when their mothers feed on black oak than they do on red oak
(Rossiter 1991a).

Originally, we hypothesized that maternal effects would be a strong force in aphid
population dynamics. This hypothesis was based on the fact that aphids have telescoping
generations; therefore there is a wide degree of physiological overlap of generations.
Additionally, maternal effects are already known to play an important role in determining
whether aphids become alate or non-winged, or reproduce sexually or
parthenogenetically (Dixon 1998). Given this evidence, it was thought likely that
maternal effects would also influence aphid offspring vital rates. Why then is there an
almost complete absence of maternal influence on offspring birth and death rates?
Aphids can respond quickly to their environment. For example, some species use

environmental cues perceived as first and second instars to determine wing development
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(Muller et al. 2001) causing cues from the maternal environment to be unnecessary.
Maternal effects may be stronger in organisms that are unable to respond as quickly to
their environment and must rely on cues from previous generations.

Additionally, an aphid’s environment is highly variable. Density of conspecifics
can increase from zero to hundreds within two weeks (Helms et al. 2004) leading to
concomitant changes in plant quality and food availability. Conversely, a strong
rainstorm can cause rapid population decline. The environment that an aphid mother
experiences may not be an accurate predictor of her offspring’s environment. In contrast,
maternal effects may be stronger when the maternal environment is a reliable indicator of
the offspring’s environment.

While across-generation effects appear weak in A. nerii population dynamics,
within-generation effects are strong. Aphids exhibited density-dependent survival,
fecundity and alate formation (Figures 2.3, 2.4 and 2.5). On all host plant species, aphids
at low density had higher survivorship during the first half of the experiment (Figure 2.3).
Low density aphids also had higher per capita fecundity (Figure 2.4). This is likely a
result of reduced competition for food resources at low density. Density-dependent
survival and fecundity has been documented in other experiments (Harrison and
Cappuccino 1995), as well as in time series analysis. Agrawal (2004), detected negative
density dependence of aphids on 17 of the 18 milkweed species he studied, though the
strength of density-dependence varied across species.

In this study, production of alates increased with increasing aphid density (Figure
2.5e). This is a common response to high density in aphids and it has been documented in

many species (Muller et al. 2001).
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The comparisons of aphid vital rates among plant species in experiment 3 should
be treated with caution because these experiments were in different months. Nonetheless,
results varied among the different host plant species. On three of the four plant species
(A. incarnata, A. viridis and A. syriaca), total fecundity decreased as density increased
(Figure 2.4a). However, on A. tuberosa there was no significant difference in total
fecundity between the high and low densities, and the intermediate density actually
exhibited the highest total fecundity. The density-dependent reduction in fecundity was
much stronger on A. viridis than on any of the other Asclepias species, with the largest
difference in total fecundity between the low and high density treatments (Figure 2.4a).

Similarly, Agrawal (2004) demonstrated density dependent fecundity of A. nerii
on different species of milkweed and the strength of this effect depended on host plant
species. A number of plant quality traits, including cardenolide concentration and
trichome density, were found to be correlated with the intrinsic rate of aphid population
increase. Other studies have documented changes in herbivore population dynamics that
are related to differences in plant quality. For example, bean beetle population dynamics
vary depending on soybean genotype (Underwood and Rausher 2000). For spirea aphids,
development time, survival and fecundity depend on host plant species (Tsai and Wang
2001).

In this study, variation in vital rates among aphid clones was only directly
examined in one set of experiments (experiment 3). Clone Florida produced, on average,
5.65% fewer aphids than clone Augusta or Emory. Whether this translates into
differences in population growth rates under field conditions is currently unknown. On

only one host plant species, 4. tuberosa, was there a significant clone effect on per capita
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fecundity. While these clones were collected from geographically distinct locations, it is
possible that they are identical genotypes, or that there is no clonal variation in survival
and fecundity among the clones that we studied. Similarly, no clonal variation in survival
and fecundity was found among 12 populations of the corn leaf aphid collected in Canada
(Simon et al. 1995).

The offspring environment can interact with the maternal environment and
influence the strength of maternal effects (Rossiter, 1998). In this study, the only
instance where there was an interaction between the maternal and offspring environment
was in the case of alate formation (Figure 2.5d). The proportion alate was much higher
when both the mothers and offspring experienced high densities. When there was high
density in one generation and low density the next, such as in experiment 2, then alates
were not produced. This indicates that the cue for alate production may be compounded
over generations. A similar phenomenon is seen in locusts (Islam et al. 1994).

In experiment 4, there was no effect of maternal density, offspring density or their
interaction on total per capita fecundity (Figure 2.5a). Based on the earlier maternal
density experiment (experiment 2), the lack of maternal density influence was expected.
However, based on experiment 3, it was expected that offspring density would affect total
fecundity. It is unknown why the results of the two experiments differed. In experiment
4 (as in experiment 3) aphids experiencing higher densities lived shorter lives irrespective
of the maternal density. Likewise, age at maturity was influenced by across- and within-
generation effects, similar to results of prior experiments. Offspring age at maturity
decreased when their mothers were at low density or if offspring were at high density.

Perhaps low density mothers have increased access to resources and produce offspring
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that reach maturity more quickly and possibly experience a competitive advantage over
later-maturing offspring. Maternal allocation decisions can directly influence offspring
age/mass at maturity and also indirectly affect the competitive environment that the
offspring experience (Benton et al. 2005). Additionally, offspring environment is
predicted to influence offspring mass and age at maturity (Plaistow et al. 2004). Plaistow
et al. (2004) found that offspring age at maturity decreased in a high food environment.
Perhaps the high density of aphids created a phloem sink, which led to an increase in per
capita food availability.

These results, like the few others that have compared both within- and across-
generation effects on vital rates (Miao et al. 1991, Crone 1997), show that within-
generation effects are stronger. Even though maternal effects have the potential to affect
offspring vital rates and long-term population dynamics, this potential is not always met.
Aphids can respond quickly to their highly variable environment. Therefore, in this
system, cues in the maternal environment, at least those studied here, are not as important
for vital rates as cues in the current environment. We conclude that conditions in the

current environment should have greater impacts on population dynamics.
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Figure 2.1: Summary of experiments used to compare the relative importance of

maternal and within-generation effects on the vital rates of Aphis nerii.
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Figure 2.1: Experimental Designs
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Figure 2.2: Effects of density (1, 25, 50 aphids per plant) on Aphis nerii survival on four
Asclepias species (A-D). Because aphid clone did not influence survival, results from the three

clones were combined. Each point is the mean of 21 replicates + standard error.
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Figure 2.3: Effects of density (1, 25, 50 aphid per plant) on Aphis nerii fecundity on four species
of Asclepias (A-D). Results from the three clones were combined. Each point is the mean of 21

replicates + standard error.
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Figure 2.3
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Figure 2.4: Effects of Asclepias species and aphid density on Aphis nerii fecundity (A),
lifespan (B), mass at maturity (C), age at maturity (D) and proportion alate (E). Values

are means of 21 replicates + standard error.
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Figure 2.4
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Figure 2.5: Effects of maternal and offspring density on offspring fecundity (A), lifespan (B),
age at maturity (C) and proportion alate (D) in Aphis nerii. For the x-axis labels, the first letter
refers to the maternal density and the second letter refers to the offspring density (H = high = 50
aphids per plant; L = low = 1 aphid per plant). Values are means of 10 replicates + standard

CIror.

74



Figure 2.5
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CHAPTER 3

EFFECTS OF MATERNAL AGE AND ENVIRONMENT ON OFFSPRING

VITAL RATES IN APHIS NERII, THE MILKWEED-OLEANDER APHID'

Zehnder, C.B, M.A. Parris and M.D. Hunter. Submitted to Oikos August, 2006
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ABSTRACT

Maternal effects have the potential to affect population dynamics and evolution.
In order to affect population dynamics, maternal effects must influence offspring vital
rates (birth, death, or movement) in a density-dependent manner. Here, we explore the
magnitude of non-genetic maternal influence on the vital rates of an insect herbivore, and
explore predictability of maternal effects with reference to published studies. We
experimentally investigated the effects of maternal age, host plant species (two Asclepias
spp.) and density on offspring vital rates in Aphis nerii, the milkweed-oleander aphid.
Older mothers produced offspring that lived shorter lives, consistent with the “Lansing
Effect”. Older mothers also produced offspring that matured at a younger age. As
maternal age increased, offspring mass at maturity decreased when mothers were on
Asclepias syriaca. However, offspring mass was highest from intermediate aged mothers
on A. viridis. The absence of maternal density effects appears to exclude maternal
density as a potential source of delayed density dependence in A. nerii. Our results
indicate that maternal effects have some influence on A. nerii vital rates. However,
references to published studies suggest that only the Lansing Effect is a predictable
response to maternal age in insects. Moreover, the magnitude of observed effects was

generally low.

Keywords: Aphis nerii, Lansing effect, maternal effects, plant quality, population

dynamics
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INTRODUCTION

Non-Mendelian maternal effects describe the influence of a mother’s phenotype
or environment on offspring phenotype (Mousseau and Fox 1998, Agrawal et al. 1999,
Beckerman et al. 2002). Cues in the maternal environment can affect offspring size
(Wainhouse et al. 2001, Fischer et al. 2003, Plaistow et al. 2004), survival (Hockham et
al. 2001, Wainhouse et al. 2001), development rate (Rossiter 1991a, Fox et al. 1995,
Benton et al. 2005), fecundity (Rossiter 1991b, Hockham et al. 2001, Benton et al. 2005),
movement (Islam et al. 1994, Diss et al. 1996) and defenses (Agrawal 1999). Maternal
effects also have the potential to influence population dynamics (Rossiter 1991a,
Ginzburg and Taneyhill 1994, Benton et al. 2001, Beckerman et al. 2002, Hunter 2002,
Benton et al. 2005, Fowler 2005, Kendall et al. 2005). By connecting the maternal
environment or phenotype to the offspring phenotype, maternal effects introduce time
lags that may cause delays in density-dependent responses of populations (Rossiter 1994)
which can lead to population cycles (Berryman 1999). Models show that maternal effects
generally cause increased population fluctuations (Benton et al. 2001). Maternal effects
also have the potential to influence the evolution of life-history traits.

Many experiments investigating maternal effects use young mothers or mothers of
unknown age. However, maternal age is a component of maternal phenotype and can
influence offspring quality (Mousseau and Dingle 1991). Maternal age influences
offspring survival (Lansing 1947, Ludwig and Fiore 1960, Raychaudhuri and Butz 1965,
Kiritani and Kimura 1967, Wasserman and Asami 1985, Hercus and Hoffmann 2000,

Kern et al. 2001, Priest et al. 2002), development time (Dixon et al. 1993, Mohaghegh et
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al. 1998) and mass at birth and maturity (Dixon et al. 1993). However, other studies have
found no effect of maternal age on offspring quality (Moore and Harris 2003).

A possible explanation for the lack of maternal age effects in some studies is that
maternal age may interact with other aspects of the maternal environment. If this is the
case, maternal age effects may be expressed in some environments and not in others. For
insect herbivores, plant quality is an important component of the environment that could
potentially interact with maternal age. Plant quality is a broad term that encompasses any
physical, chemical or biological plant trait (e.g. size and structure, nutritional value,
secondary compounds, phenology) that influences herbivore preference or performance.
Variation in host plant quality influences insect herbivore survival (Haggstrom and
Larsson 1995, Lill and Marquis 2001, Ladner and Altizer 2005), development time
(Haggstrom and Larsson 1995, Tsai and Wang 2001, Wheeler 2001, Ladner and Altizer
2005), fecundity (Rossiter 1988, Tsai and Wang 2001), and the strength of density
dependence (Agrawal 2004).

Aphids are ideal organisms with which to study maternal effects. Aphids have
telescoping generations which means that, within a single aphid, there are embryos within
embryos. This large generational overlap, granddaughters being present within their
grandmothers, could lead to strong maternal effects (Dixon 1998). Additionally, aphids
reproduce parthenogenetically for much of their life cycle and some species never exhibit
sexual reproduction (Dixon 1998). Mothers are genetically identical to their offspring,
making it easier to focus on effects of the maternal environment while controlling for
genetic effects. Maternal effects are known to be important in aphids, especially in the

production of different morphs. Typically, cues in the maternal environment such as
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crowding (Hall and Ehler 1980), low temperatures, (Nunes and Hardie 1999), reductions
in plant quality (Wiktelius 1992), changing photoperiods (Hardie and Lees 1983), or the
presence of natural enemies (Dixon and Agarwala 1999) lead to the production of alates
(winged aphids). Similar cues lead to the production of sexual or diapausing morphs in

certain species (Lees 1963)

Previous research on Aphis nerii on Asclepias plants has shown that the current
environment experienced by aphids has a stronger impact on aphid vital rates than does
the maternal environment (Zehnder and Hunter 2007). In past experiments, aphids
exhibited density-dependent fecundity and survival, and the strength of the density-
dependent response varied among host plant species. Additionally, the effects of density
on aphid survival and fecundity differed between the first and second half of an aphid’s
lifetime. In the first half, aphids experiencing low density conditions had higher survival
and fecundity than those experiencing high density conditions; and these patterns
reversed in the second half of the aphid’s life (Zehnder and Hunter 2007). Moreover, the
strength of this age effect varied among host plant species. Currently, we do not know
the mechanism behind these patterns. However, these patterns led us to ask whether
maternal age, host plant and density might interact to influence offspring vital rates
(birth, death, & immigration). From those patterns, we hypothesized that as maternal age
increased, offspring survival and fecundity would decrease, but only when the mothers
were at low density. At high maternal density, we predicted that older mothers would
produce offspring of equal quality to young mothers. Finally, we hypothesized that host

plant species would influence the expression of the maternal age effects.
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METHODS
Study system

Aphis nerii Boyer de Fonscolombe (Hemiptera: Aphididae), the milkweed-
oleander aphid, is an aposematic phloem feeding specialist of milkweed (Asclepias spp)
and oleander (Nerium oleander L. (Apocynaceae)) that reproduces parthenogenetically.
In August 2003, one A. nerii individual was collected near Gainesville, Florida. Our
aphid colony (clone) was initiated from this one individual.

In the lab, aphids were kept on Asclepias syriaca at low densities. The genus
Asclepias is composed of predominately herbaceous perennials that contain a class of
compounds known as cardenolides or cardiac glycosides. There is a large degree of
variation in cardenolide concentration among Asclepias species both qualitatively and
quantitatively (Malcolm et al. 1989, Agrawal 2004). Asclepias seeds were obtained from
a seed distributor (Butterfly Encounters), grown in Farfard 3B soil with Osmocote time-

release fertilizer (14-14-14, N:P:K) and watered as needed.

Experimental methods:

All research was conducted in a temperature and light controlled walk-in growth
chamber. The aphid colony is also kept in this growth chamber. Grow lights on timers
(16 hours day: 8 hour night) provided heat and light; daytime and nighttime temperatures
were 34+ 2.4°C and 24 + 0.48 °C, respectively, well within the range of summer
temperatures experienced in Florida, the source of our aphid clone. Figure 3.1

summarizes our experimental methods.
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All experimental variation was in the maternal generation while all
measurements were taken in the offspring generation. We chose two Asclepias species,
A. syriaca and A. viridis, which differ in their cardenolide levels and foliar nitrogen
concentrations. A. viridis typically has higher cardenolide levels and 4. syriaca has
slightly higher foliar nitrogen concentrations (Malcolm 1991, Agrawal 2004). At the
start of the experiment, May 2005, all seedlings were 4 weeks old, approximately the
same size (12-15 cm in height), and composed of a single stem bearing 6-10 leaves. To
initiate the maternal generation, 3 adult apterous aphids were placed on each plant and
left to reproduce overnight. The next morning, the adults were removed and the
remaining juvenile aphids (which were all the same age: first instar) were thinned out to
the appropriate densities. Maternal densities were set at 1, 25 and 50 aphids per seedling.
These densities represent natural aphid densities (Hall and Ehler 1980); 50 aphids per
seedling is approximately 250-500 aphids per gram dry weight of plant tissue, which is at
the high end of natural aphid densities (Helms et al. 2004). There were seven replicates of
each maternal density by host plant combination (3 maternal densities x 2 maternal host
plant species x 7 replicates = 42 plants in the maternal generation). All maternal plants
were individually placed in cages constructed from 710 ml Ziploc containers and organza
netting over wire frames. On days 6, 10 and 14 (of the maternal generation = maternal
age), 4 offspring were removed from each maternal plant. We were unable to mark
individual aphids in the maternal generation; therefore, at densities greater than 1, we
could not guarantee that offspring were sampled from the same individual each time.
However, all maternal aphids were genetically identical and experienced identical

conditions. Each offspring was placed individually on a 2 week old 4. syriaca seedling.
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All other offspring were removed from the maternal plants on a daily basis to keep the
maternal generation densities constant. Moreover, removal of offspring is required to
separate the effects of maternal density from potential effects of sibling density on
offspring vital rates. Maintaining controlled maternal densities ensures that any density-
dependent induction of cardenolides (Malcolm and Zalucki 1996, Martel and Malcolm
2004) is restricted to the parental generation and absent in the offspring generation.
There were 504 aphids (plants) in the offspring generation (3 maternal densities x
2 maternal host plant species x 3 maternal ages x 7 replicates x 4 offspring). Daily
observations were made of survival and fecundity in the offspring generation. When the
aphids reached maturity, age and mass were recorded. Using a paintbrush, each aphid
was removed and individually weighed on a Mettler Toledo balance (Mettler Toledo, Im
Langacher, Switzerland, max 2.1g, d=0.1ug). The aphid was then carefully placed back
on its plant. The offspring’s offspring were removed and counted daily to keep densities

constant. These observations continued until all aphids died (approximately 15 days).

Analyses

Data were analyzed using SAS 8.2 for Windows and the residuals of the ANOVA
models were tested for normality (Kery and Hatfield 2003). Offspring lifespan,
fecundity, age at maturity and mass at maturity were subjected to repeated measures
analysis using a mixed model test in SAS. Specifically, we used PROC MIXED with a
typel autoregressive model (Littell et al. 1998). This allows for the incorporation of both
fixed and random effects within the model. Additionally, this procedure allows for

unrestrictive assumptions about the structure of the variance-covariance matrices. In our
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model, maternal age, density, host plant and all possible interactions were the fixed
effects and offspring nested within maternal ID was the random effect. Tukey’s honest
significant difference tests were conducted to compare among treatment means (Littell et

al. 2002).

RESULTS

Offspring from older mothers lived shorter lives than did offspring from younger
mothers (Figure 3.2: age F»55=3.09, p =0.0531), with a 9.3% decrease in offspring
lifespan between the youngest and oldest mothers. Neither maternal density nor host
plant species (or their interaction) affected offspring lifespan (Table 3.1: density Fo35=
0.51, p=0.6023; Table 3.2: host F; ss=0.01, p = 0.9366).

Offspring from the oldest mothers matured more quickly than did offspring from
mothers of intermediate age (Figire 3.3: age F» 57 = 4.04, p = 0.0229) by approximately
4.8 hours. Neither maternal density nor maternal host plant species affected offspring
age at maturity (Table 3.1: density F»35 =2.80 p =0.0747; Table 3.2 host F; 57 =0.64,p =
0.4269). There were no significant interactions among any of the treatments.

When mothers were on 4. syriaca, offspring mass at maturity decreased as
maternal age increased. When mothers were on 4. viridis, offspring mass at maturity was
highest from the intermediate aged mothers (Figure 3,4: host*age F, 57 =5.21,p =
0.0084). Maternal density had no effect on offspring mass at maturity (Table 3.1: density
F2,36=1.27, p = 0.2920).

Offspring fecundity was unaffected by any of the maternal effects examined here

(Table 3.1: density F» 35=0.56, p=0.5767; Table 3.2: host F, 53 = 1.34, p = 0.2524; age
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Fys58 =1.37, p = 0.2626 (data not shown for the effects of maternal age on offspring

fecundity)).

DISCUSSION

We investigated whether variation in maternal age, density and host plant species
affected offspring lifespan, fecundity, age at maturity and mass at maturity in Aphis nerii.
Of the three factors studied, maternal age had the largest influence on offspring vital
rates, affecting offspring lifespan, age at maturity and mass at maturity. Maternal host
plant species was important as well. Offspring mass at maturity declined with maternal
age on Asclepias syriaca, but peaked at intermediate maternal age on A. viridis. Maternal
density did not influence any of the parameters we measured in the offspring generation.

Offspring lifespan decreased as maternal age increased (Figure 3.2). This pattern
has been documented in many taxa including rotifers (Lansing 1947), stink bugs (Kiritani
and Kimura 1967), fruit flies (Kern et al. 2001, Priest et al. 2002), flour beetles
(Raychaudhuri and Butz 1965), mealworms (Ludwig and Fiore 1960), and weevils
(Wasserman and Asami 1985), and is referred to as the Lansing effect (Lansing 1947). A
potential proximate mechanism explaining why older mothers produce offspring with
reduced lifespans is that wear and tear on oocytes over time produces less viable
offspring from older mothers (Schatten et al. 1999). Another explanation is that older
mothers invest fewer resources, or have fewer resources to invest, in older embryos
compared to younger embryos. However, given that offspring fecundity did not decline
with maternal age, it is not clear that late-born offspring of A. nerii are less fit or

contribute less to subsequent population dynamics.
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There was a small effect of maternal age on offspring age at maturity, though
whether or not this effect is important to long term population dynamics is unclear.
Offspring from the oldest mothers reached maturity slightly faster, by approximately 4.8
hours, than did offspring from intermediate age mothers, and there was no difference
between offspring from the youngest mothers and those from older mothers (Figure 3.3).

Overall, as mothers aged, they produced offspring that reach maturity faster, lived
shorter lives, and (on A4. syriaca, Figure 3.4) matured at a smaller size. Small size, short
lifespan and early maturity are all features of rapid population growth and r-selection
(MacArthur & Wilson 1967). Field populations of 4. nerii obviously include the
offspring of both young and old mothers — whether they contribute differentially to future
population growth is unclear and difficult to assess. However, 4, nerii can exhibit
unrestricted (exponential) population growth throughout the growing season until plants
senesce in the fall (Helms et al. 2004). Even small differences in generation time may
result in significant differences in future population size during 3 months of multivoltine
exponential growth (Speight et al. 1999).

On A. viridis, the heaviest offspring came from mothers of intermediate age.
Asclepias species are known to differ in their foliar nitrogen and cardenolide
concentrations. A. viridis usually has higher cardenolide concentrations than 4. syriaca
while 4. syriaca has higher foliar nitrogen concentrations (Agrawal 2004). It is possible
that the different cardenolide concentrations affected the aphids differently over time or
that cardenolide induction differed between the two plant species. In studies comparing
A. curassavica and A. incarnata, A. curassavica exhibited density-dependent cardenolide

induction caused by aphid feeding while there was no measurable induction in A.
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incarnata (Martel and Malcolm 2004). At this time, we do not know what specific
characteristics of the two plant species led to the different patterns of maternal age
effects.

In our experiment, maternal density had no effect on offspring lifespan, fecundity,
age at maturity or mass at maturity. The lack of maternal density effects on offspring
lifespan, fecundity and mass at maturity is consistent with past research investigating
maternal effects in A. nerii (Zehnder and Hunter 2007). However, in some of our
previous experiments, maternal density was found to influence offspring age at maturity
whereby offspring from low density mothers reached maturity about 9 hours earlier than
did offspring from high density mothers. It appears that maternal density effects on
offspring age at maturity are weak and expressed under a limited set of conditions in
Aphis nerii. Models investigating the impact of maternal effects on long term population
dynamics often assume that there will be a density-dependent maternal effect, and it is
this delayed density-dependence that leads to population cycles (Ginzburg and Taneyhill
1994, Ginzburg 1998, Benton et al. 2001, Benton et al. 2005). The lack of a maternal
density effect in our system means that it is unlikely that maternal effects could cause
population cycles in Aphis nerii, and natural population of A. nerii do not normally
exhibit cyclic behavior (Helms et al. 2004). However, maternal density effects have been
found in other systems and these systems often exhibit cyclic behavior (Benton et al.
2005).

In some aphids, maternal effects are known to influence the production of winged
or sexual morphs (Dixon 1998). Past work in this system has shown that high maternal

density coupled with high offspring density leads to the production of alates (winged
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aphids) in the offspring generation (Zehnder and Hunter 2007). In this experiment, no
alates were produced, and this is most likely because of the low density conditions that
the offspring experienced (1 aphid per seedling).

In this experiment, one possible explanation for the lack of strong maternal effects
is that offspring experienced ideal conditions. The strength of maternal effects can vary
depending on the offspring environment (Rossiter 1998). Therefore, maternal effects
might be stronger in this system if the offspring generation experienced harsh conditions.

How predictable are the magnitude and direction of maternal age effects on
offspring vital rates in insects? Predictability is key to any effort to forecast effects on
insect population dynamics. Here, we focus on maternal age, the strongest maternal
influence on offspring traits in our study. Table 3.3 lists experiments on maternal age
conducted on a variety of insect taxa. References included in Table 3.3 were attained by
conducting a Web of Science© search for ‘maternal age’ and then using those sources to
find additional studies. Maternal age effects on longevity, the Lansing effect (Lansing
1947), are the most common and consistent. In our experiment, there was a 9.3%
decrease in offspring longevity as mothers aged (Figure 3.2). In other experiments,
maternal age effects range from no effect to a 53% decrease in offspring longevity.
Three studies document an increase in offspring age at maturity with maternal age
(Wasserman and Asami 1985, Fox 1993, Yanagi and Miyatake 2002), five studies,
including this one, document a decrease (Ludwig and Fiore 1960, Phelan and Frumhoff
1991, Dixon et al. 1993, Mohaghegh et al. 1998), and three studies found no effect on
offspring age at maturity (Kiritani and Kimura 1967, Phelan and Frumhoff 1991,

Mclntyre and Gooding 2000). Maternal age effects on offspring mass at maturity also
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appear variable. Only three other studies have examined the effect of maternal age on
offspring mass at maturity and all have found increases with maternal age; in contrast, we
found varying results (Figure 3.4) depending upon host plant. Only five studies have
examined maternal age effects on offspring fecundity. Three of these, including this one,
found no effect on fecundity (Wasserman and Asami 1985, Moore and Harris 2003),
while two studies documented a decrease (Kiritani and Kimura 1967, Li and Harmsen
1993). Our examination of the literature on maternal age effects on offspring vital rates
suggests that only the Lansing effect is predictable.

The majority of studies described above are lab-based. Although a few field
experiments of maternal effects in insects have been attempted, most are flawed because
they use space-for-time substitution (Hunter 2002), an inappropriate design for trans-
generational experiments on environmental factors. As a result, it is not clear at present
how our results, or those of the studies in Table 3.3, relate to dynamics in the field.
Nonetheless, there is a long and distinguished history of using laboratory experiments to
study population dynamics (Birch 1953, Huffaker 1958, Ayala 1969). In fact, much of
current population theory is based on such experiments (Speight et al. 1999). To our
knowledge, only one population level experiment has adequately tied resources in the
maternal environment to population dynamics in subsequent generations (Benton et al.
2005). At this time, evidence from laboratory studies provides the best empirical support
for the view that maternal effects influence offspring vital rates and subsequent
population dynamics. Here, we have shown that such effects are generally weak in A.

nerii and often variable in magnitude and direction in other insect species.
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Table 3.1: Effects of maternal density on offspring lifespan, age at maturity, mass at maturity and fecundity. All values are means (n

= 168) + standard error. There were no significant maternal density effects on offspring lifespan, age at maturity, mass at maturity or

fecundity.
Maternal density Offspring lifespan Offspring age at maturity Offspring mass at Offspring
(aphids/plant) (days) (days) maturity (mg) fecundity
1 15+0.5 6+ 0.06 0.94 +0.02 53 +2.26
25 15+0.4 6+ 0.04 0.93 +0.02 53+1.99
50 14+ 04 6+ 0.06 0.86 + 0.02 49 +2.09
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Table 3.2: Effects of maternal host plant species on offspring lifespan, age at maturity and fecundity. All values are means (n = 252)

+ standard error. There were no significant maternal host plant effects on offspring lifespan, age at maturity or fecundity.

Maternal host plant Offspring lifespan Offspring age at Offspring fecundity
species (days) maturity (days)
A. syriaca 15+0.37 6 +0.05 50+ 1.69
A. viridis 15+0.38 6+ 0.04 53+1.75
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Table 3.3: This table shows the effects of increasing maternal age on offspring quality in a variety of insect taxa. Within the offspring
response category, any measures of survival, hatching viability, egg-adult viability, etc, are listed as longevity. Any measures of
development time or rate are listed as age at maturity. The direction and magnitude of the offspring response was calculated directly
from results and tables whenever possibly. However, in some cases it was necessary to refer to figures, which may lead to some slight
inaccuracies in the calculations. Some of the studies listed examined other factors in addition to maternal age effects, and sometimes
those other factors interacted with maternal age. However, in the interest of clarity, this table does not describe any of that additional

detail. This table does not include maternal age effects on insect diapause or sex ratio (but see (Mousseau and Dingle 1991) for a

review).
Species Offspring response Direction & magnitude of response. | Reference
Acyrthosiphon pisum alate production Increases and decreases (Mackay 1977)
Aphis nerii longevity 9.3% decrease This study
fecundity No maternal age effect
age at maturity 3% decrease
mass at maturity 9% decrease
Callosobruchus age at maturity (female) | ~9% increase (Yanagi and Miyatake 2002)
chinensis longevity ~16% decrease
Callosobruchus age at maturity 18% increase (Fox 1993)
maculatus
Callosobruchus longevity 31% decrease (Wasserman and Asami 1985)
maculatus age at maturity 106% increase
fecundity No maternal age effect
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Cavariella aegopodii

age at maturity

10% decrease

mass at maturity

9% increase

(Dixon et al. 1993)

Drosophila longevity Decrease (Kern et al. 2001)
melanogaster
Drosophila longevity 12% decrease (Priest et al. 2002)
melanogaster
Drosophila serrata longevity 37% decrease (Hercus and Hoffmann 2000)
Ephippiger ephippiger | longevity 40% decrease (Hockham et al. 2001)
Musca domestica longevity 13% decrease (McIntyre and Gooding 2000)
age at maturity No maternal age effect
Nauphoeta cinera longevity No maternal age effect (Moore and Harris 2003)
fecundity No maternal age effect
Nazara viridula longevity 18% decrease (Kiritani and Kimura 1967)
age at maturity No maternal effect
fecundity 78% decrease
mass at maturity 11% increase
Oncopeltus fasciatus longevity 22% decrease (Phelan and Frumhoff 1991)

age at maturity

15% decrease

mass at maturity

7% increase

Oncopeltus cingulifer

longevity

No maternal age effect

age at maturity

No maternal age effect

mass at maturity

No maternal age effect

Podisus maculiventris

age at maturity

decrease

(Mohaghegh et al. 1998)

Tenebrio molitor longevity 14% decrease (Ludwig and Fiore 1960)

age at maturity 9% decrease
Tetranychus urticae fecundity 50% decrease (Li and Harmsen 1993)
Tribolium confuscum | longevity 53% decrease (Raychaudhuri and Butz 1965)
Zophobas atratus longevity decrease (Tschinkel 1993)
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1 Figure 3.1: Experimental design used to study the effects of maternal age, density and

2 host plant species on Aphis nerii vital rates.
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Figure 3.2: Effects of maternal age on offspring lifespan in Aphis nerii. Values are
means (n = 168) + standard error. Different letters above bars indicate significant
differences among treatment means. There was no significant effect of maternal density
or host plant on offspring lifespan, therefore we grouped these data and present averages

for the three maternal ages.
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Figure 3.3: Effects of maternal age on offspring age at maturity in Aphis nerii. Values
are means (n = 168) + standard error. Different letters above bars indicate significant
differences among treatment means. There was no significant effect of maternal density
or host plant on offspring age at maturity, therefore, we grouped these data and present

averages for the three maternal ages.
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Figure 3.4: Effects of maternal age and maternal host plant species (4sclepias syriaca
light bars, Asclepias viridis dark bars) on offspring mass at maturity in Aphis nerii.
Values are means (n = 84) + standard error. There was no significant effect of maternal

density on offspring mass at maturity, therefore, these data were pooled.
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CHAPTER 4

NITROGEN DEPOSITION AND VARIATION IN THE POPULATION

GROWTH OF INSECT HERBIVORES'

Zehnder, C.B., and M.D. Hunter. Submitted to Ecological Entomology July 2006
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ABSTRACT

Anthropogenic increases in nitrogen deposition are causing changes to terrestrial
ecosystems worldwide. While some of the direct ecosystem level effects of nitrogen
deposition are understood, the effects of nitrogen deposition on plant-insect interactions
and on herbivore population dynamics have received less attention. Nitrogen fertilization
experiments typically lead to increases in both herbivore population growth and plant
biomass. Subsequent effects on herbivore dynamics may depend upon the balance
between these two responses.

There is no a priori reason to assume that rates of herbivore population growth
and plant resource availability (herbivore carrying capacity) should respond in concert to
nitrogen deposition. If increases in herbivore population growth outstrip increases in
resource availability, we might predict increases in the strength of density dependence
expressed within the herbivore population. Alternatively, if plant resources respond more
vigorously or rapidly to nitrogen deposition than do herbivore populations, we might
predict a decline in the strength of density dependence. No change in the strength of
density dependence acting upon the herbivore population would suggest equivalent
responses by herbivores and plants.

We performed a density manipulation experiment to examine the effect of
nitrogen deposition on the interaction between a host plant, Asclepias tuberosa, and its
herbivore, Aphis nerii. We estimated aphid maximum per capita growth rate (Rpax),
carrying capacity (K), and the strength of density-dependence under three nitrogen
deposition treatments and asked whether nitrogen deposition changed the relationship

among these three measures of insect population dynamics.
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Simulated nitrogen deposition increased aphid per capita population growth,
increased plant foliar nitrogen concentrations and increased plant biomass. Nitrogen
deposition caused Rmax and K to increase proportionally, leading to no overall change in
the strength of density-dependence. In our system, potential changes in the negative
feedback processes operating on herbivore populations following nitrogen deposition

appear to be buffered by concomitant changes in resource availability.

Keywords: Aphis nerii, Asclepias tuberosa, density-dependence, density manipulation

experiment, global change, herbivory, nitrogen deposition, plant quality
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INTRODUCTION

Anthropogenic increases in nitrogen deposition are important drivers of
environmental change (Vitousek et al. 1997, Throop and Lerdau 2004). Sources of
deposition are mainly transportation, power plants, industry and agriculture (Driscoll et
al. 2003). Current levels of nitrogen deposition range from 0 — 40 kilograms (kg) per
hectare (ha) per year, and in many areas downwind of major urban and agricultural
centers, deposition levels approach 30 to 90 kgha™ yr'' (Van der Eerden et al. 1998, Fenn
et al. 2003b). As the human population continues to increase, it is predicted that nitrogen
deposition will increase as well (Fenn et al. 2003b) with concomitant effects at multiple
levels of biological organization including individuals, populations, communities and
ecosystems (Jefferies and Maron 1997, Vitousek et al. 1997, Gotelli and Ellison 2002,
Aber et al. 2003, Fenn et al. 2003a, Madritch and Hunter 2003, Throop and Lerdau
2004).

Nitrogen deposition may have positive, negative or no effects on insect herbivore
population dynamics. Nitrogen deposition often leads to increases in foliar nitrogen
concentrations and plant biomass (Aber et al. 2003, Fenn et al. 2003a, Throop and Lerdau
2004). Because most insect herbivores are nitrogen limited (White 1993) we might
predict increases in herbivore densities with increasing levels of nitrogen deposition.
This prediction assumes that nitrogen deposition does not change plant secondary
compounds or alter amino acid profiles, both of which can lead to decreased herbivore
performance (Throop and Lerdau 2004). Additionally, nitrogen deposition can affect

insect herbivores by altering plant or insect community composition (Stevens et al. 2004).
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Long term population dynamics depend, in part, on the strength of density
dependence (Hunter 2001) which can vary in space and time (Cappuccino and Price
1995, Harrison and Cappuccino 1995). For insect herbivores, variation in the strength of
density dependence has been attributed to plant size (Rotem and Agrawal 2003), plant
genotype (Underwood and Rausher 2000), plant resistance traits (Underwood and
Rausher 2002, Agrawal et al. 2004) and variation in herbivore maximum per capita
population growth rate (Agrawal et al. 2004). However, we are still unable to predict
when to expect strong or weak density-dependence, how anthropogenic environmental
change will affect its strength, and subsequent effects on insect population dynamics.

Density dependence is often illustrated as the negative relationship between per
capita growth rate and population density (Figure 4.1). On such diagrams, the y-intercept
represents the maximum per capita growth rate (Rmax), the x-intercept represents carrying
capacity (K) and the slope of the line represents the strength of density dependence. How
might nitrogen deposition influence the form of these relationships? Figure 4.1 illustrates
three hypothetical scenarios, where the solid lines indicate zero anthropogenic nitrogen
deposition and the dotted lines indicate conditions after nitrogen deposition. In all three
cases we assume negative density dependence, meaning there is a decrease in per capita
population growth as initial density increases (Gotelli 2001). In Figure 4.1.A, Ryax
(insect population growth) and K (environmental carrying capacity) increase
proportionally and there is no change in the strength of density dependence after
deposition (i.e. the slopes of the lines are the same). This is similar to Figure 4.1 (lines A

and C) in (Agrawal et al. 2004). In Figure 4.1.B, Ry« increases faster than K increases,
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and the strength of density-dependence increases. In Figure 4.1.C, K increases faster
than Ry,.x increases, and the strength of density-dependence decreases.

While there are relatively few studies of the effects of nitrogen deposition per se
on insect herbivores (but see (Throop and Lerdau 2004), there have been many reported
effects of nitrogen fertilization on insect herbivores. Typically, nitrogen fertilization
rates in such experiments far exceed any predicted nitrogen deposition rates. In a review
of nitrogen fertilization experiments conducted by Kyto and colleagues, aphids were
found to respond positively to nitrogen fertilization while other insect guilds showed no
response or a negative response (Kyto et al. 1996). Nitrogen fertilization has also been
linked with increased insect density, shorter development time, higher survival rates,
increased insect mass, higher fecundity and higher Ry, (Mattson 1980, Cisneros and
Godfrey 2001, Nevo and Coll 2001, Tsai and Wang 2001, Stiling and Moon 2005).
However, other studies have found negative or no effects of nitrogen fertilization on
insect abundance or performance (Bethke et al. 1998, Casey and Raupp 1999, Muller et
al. 2005).

As far as we are aware, there is no a priori reason to assume that insect
population growth rate and environmental carrying capacity should respond in concert to
environmental change. To explore this further, we performed a density manipulation
experiment to examine the effect of nitrogen deposition on the interaction between a host
plant, Asclepias tuberosa, and its herbivore, Aphis nerii. We estimated aphid maximum
per capita growth rate (Rmax), carrying capacity (K), and the strength of density-

dependence under three nitrogen deposition treatments and asked whether nitrogen
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deposition changed the relationship among these three measures of insect population

dynamics.

METHODS
Study species

Aphis nerii Boyer de Fonscolombe (Hemiptera: Aphididae), the milkweed-
oleander aphid, is an aposematic phloem-feeding specialist of milkweed (Asclepias spp)
and oleander (Nerium oleander L. (Apocynaceae)) that reproduces parthenogenetically
(Rothschild et al. 1970, Hall and Ehler 1980). In August 2003, one 4. nerii individual
was collected near Gainesville, Florida. Our aphid colony (clone) was initiated from this
one individual. In the lab, aphid colonies were kept on Asclepias syriaca at low densities.
Asclepias seeds were obtained from a seed distributor (Butterfly Encounters).

Experiments were conducted in a temperature and light controlled walk-in growth
chamber (September — October, 2005). Grow lights on timers (16 hours day: 8 hour
night) provided heat and light; daytime and nighttime temperatures were 34+ 2.4°C and
24 +0.48 °C, respectively, well within the range normally experienced by both aphid and
plant species. The host plant species used in this experiment was Asclepias tuberosa, a
milkweed species native to Georgia. All seedlings were 4 weeks old and the same size at
the start of the experiment (12-15 c¢m in height, 10-12 leaves per seedling). Nitrogen
deposition levels and aphid densities were randomly assigned to plants. All plants were
individually placed in cages constructed from 710 ml Ziploc containers and organza

netting over wire frames. Plants were rotated and watered daily.
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Nitrogen deposition

We applied three levels of nitrogen deposition: 0, 25 and 40 kg ha™ yr''. These
levels fall within the range of nitrogen deposition levels experienced in the United States
(Ollinger et al. 1993, Throop and Lerdau 2004). Because this experiment was carried out
in small pots (0.04 m radius), the amount of nitrogen in the form of ammonium nitrate
NH,NOj; was calculated based on an area of 0.005 m”. For the 3 nitrogen deposition
levels: 0, 0.036 and 0.057 grams of NH4NO; were needed, respectively. These were
divided into four applications over the course of three weeks. For each application, 25%
of the appropriate amount of NH4sNO3 was dissolved in dioinized water and 20ml
solution was applied to each plant with a pipette. Nitrogen deposition occurred on dayl

(9/6/05), day8 (9/13/05), day15 (9/20/05) and day22 (9/27/05).

Aphid density manipulation

We established six aphid densities (0, 1, 5, 10, 15 and 20 aphids per plant), with 5
replicates of each nitrogen deposition (3 levels) by aphid density (6 levels) combination
for a total of 90 experimental plants. On day14 (9/19/05), two adult apterous aphids were
placed on each plant (except for those plants receiving the 0 aphid/plant treatment). The
aphids were allowed to reproduce overnight, and the following day the adults were
removed and the offspring thinned to the appropriate densities. Aphids were left on the
plants for 14 days (until day28), spanning approximately 2-3 generations, when total
population and number of alates (winged aphids) were counted for each plant. Because
the aphid densities reached such high levels, we were unable to count all of the aphids on

all plants in one day. Therefore, on day28 (10/3/05) half of the aphids were counted and
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the rest were counted on day29 (10/4/05). Treatments were divided evenly between the
two days of counting and population growth rates were adjusted accordingly for the extra
day of growth (below). After aphids were counted, aboveground plant biomass was
harvested. Each plant was clipped at the base of its stem and then rinsed to remove any
aphid honeydew. Plants were dried, weighed and the top 5 leaves were ground into a fine
powder using a ball mill grinder. For carbon and nitrogen analysis, ground samples were
weighed into tin capsules with a Mettler UMT2 microbalance (Mettler Toledo, Im
Langacher, Switzerland) and analyzed with a Carlo Erba NA 1500 CHN analyzer (Carlo

Erba, Milan Italy).

Statistical analyses

Aphid per capita growth rate was estimated on each plant by subtracting the
natural log of the initial density from the natural log of the final density divided by the
number of days that aphids were on the plants: (InN, — InN;)/(t>-t;). The strength of
density dependence was determined for each nitrogen deposition level by finding the
slope of the regression of per capita growth rate versus initial density. Rpax (maximum
population growth rate) for each nitrogen deposition level was found by determining the
y-intercept of each regression equation, and K (carrying capacity) was found by
determining the x-intercept for each equation. Although non-linear declines in per capita
growth rate with population density have been reported (Sibly et al. 2005), non-linear
parameters provided no improvement in models, confirming that linear density-

dependence predominates in this aphid species (Agrawal et al. 2004).
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Rates of aphid population growth were compared among deposition treatments
using analysis of covariance (ANCOVA) with nitrogen deposition as a class variable and
initial density as a covariate. ANCOVA is an appropriate method for comparing slopes
and intercepts of regression lines (Sokal and Rohlf 1995), and therefore it allows us to
compare Rpax, K and the strength of density-dependence among the three nitrogen
deposition treatments. Effects of nitrogen deposition on the strength of density
dependence were assessed by the significance of the interaction term between nitrogen
deposition and initial density. This functions as a comparison of slopes (Figure 4.1).
Final plant biomass, foliar nitrogen concentrations and the proportion of alate aphids
produced were compared among deposition treatments using ANCOVA as above, with
nitrogen deposition as a class variable and initial aphid density as a covariate. Tukey’s
honest significant difference tests were conducted to compare among treatment means.
All analyses were conducted using SAS version 8.2 for windows. Residuals were
checked for normality and met assumptions of normality except in one case; proportion

alate data were arcsine-square root transformed prior to analysis.

RESULTS

Aphid per capita population growth decreased as initial aphid density increased,
confirming the presence of negative density dependence (Figure 4.2, Table 4.1).
Nitrogen deposition led to increases in aphid Ry,x, K and per capita population growth
(Figure 4.2, Tables 4.1 and 4.2). However, the strength of density dependence did not
differ significantly among nitrogen deposition levels (Table 4.1: interaction term, Table

4.2). The proportion of alate aphids that were produced increased with initial aphid
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density (Figure 4.3: density F; ;= 35.57, p<0.0001). However, nitrogen deposition had
no effect on the proportion of alates produced (Table 4.2: nitrogen F, 61 = 0.44, p=0.6478,
nitrogen*density F» ¢ = 0.32, p=0.7275).

A. tuberosa foliar nitrogen concentrations increased with nitrogen deposition and
decreased with initial aphid density (Figure 4.4: nitrogen F» 7= 18.25, p<0.0001, density
Fi171=17.21, p<0.0001, nitrogen*density F, 7= 0.27, p=0.7665).

Final biomass of A. tuberosa plants increased with nitrogen deposition whereas
initial aphid density had no effect on final plant biomass (Figure 4.5: nitrogen F; 74=

19.14, p<0.0001, density F; 7= 0.34, p=0.5643, nitrogen*density F, 7s= 2.58, p=0.0822).

DISCUSSION

In this system, nitrogen deposition led to proportional increases in aphid per
capita growth rate and carrying capacity (Figure 4.2), as well as increases in plant foliar
nitrogen concentration and biomass (Figures 4.4 & 4.5). The proportional increase in
aphid Rp.x and K results in no change in the strength of density-dependence,
corresponding to the scenario illustrated in Figure 4.1.A. In this case, the increase in
aphid population growth is balanced by the increase in environmental carrying capacity.
Not surprisingly, under all experimental conditions, we saw negative density dependence
(Figure 4.2). We have previously found decreases in aphid per capita survival and
fecundity with increasing density on four milkweed species including Asclepias tuberosa
(Zehnder and Hunter 2007). Likewise, Agrawal (2004) reported that A. nerii exhibited

negative density dependence on 17 out of 18 milkweed species.
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As Agrawal et al. (2004) have shown, R;,x and K do not always vary in concert.
In their experiments working with Aphis nerii on Asclepias syriaca and other milkweed
species, they found no proportional change in K with variation in Ry.x. Asa
consequence, any increase in Ry,,x was associated with an increase in the strength of
density dependence, the scenario illustrated in Figure 4.1.B. Agrawal et al. (2004) did
not explicitly manipulate plant quality within a single host plant species, as we did here.
By manipulating plant quality via nitrogen deposition, we show that it’s possible to
increase Rmax (insect population growth) and at the same time increase K (environmental
carrying capacity). Therefore, under these conditions, Rymax 1S not an accurate predictor of
the strength of density-dependence.

In our experiment, nitrogen deposition led to increased aphid population growth
and increased foliar nitrogen concentrations, confirming a link between foliar nitrogen
content and A. nerii Rmax (Agrawal 2004). Similarly, in a nitrogen fertilization
experiment using cotton-melon aphids, Aphis gossypii, a positive relationship was found
between foliar nitrogen concentrations and insect performance (Nevo and Coll 2001).
Such relationships have been documented for many other insect herbivores (Mattson
1980) arguing for frequent nitrogen limitation among insect herbivores (White 1993).
While nitrogen addition typically leads to an increase in aphid population growth rates,
this is not always the case. In a field experiment examining the effects of fertilizer
addition and predator exclusion on Aphis jacobaeae, an aphid-specialist of ragwort, there
was no effect of fertilization on aphid density (Muller et al. 2005). However, foliar
quality was not measured in this experiment; therefore it is possible that the fertilization

treatment did not affect plant quality or that there was an increase in plant defensive
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compounds. It is also possible that natural enemies had a larger impact on aphid
population growth than did plant productivity (Muller et al. 2005).

In our study, nitrogen deposition increased both plant quality (Figure 4.4) and
quantity (Figure 4.5) and similar results have been documented for a variety of plant
species (Throop and Lerdau 2004). For example, nitrogen deposition was found to
increase seedling nitrogen content and growth rate for five out of six annual species in a
California grassland community (Cleland et al. 2006). In our experiment, as initial aphid
density increased, foliar nitrogen concentrations decreased, but there was no effect of
aphid density on plant biomass. This result suggests an imperfect, or complex, link
between nitrogen availability and Asclepias biomass. In a comparable study examining
the effects of nitrogen deposition and herbivory on common ragweed, simulated nitrogen
deposition led to an increase in plant biomass and foliar nitrogen concentrations.
Additionally, neither aphid nor beetle herbivory reduced plant shoot biomass; however
there were negative effects of insect herbivory on root and seed biomass (Throop 2005).

In our experiment, nitrogen deposition caused an increase in insect herbivore
densities. This has important implications for both crop and forest insect pests, especially
if nitrogen deposition leads to an increase in the rate or severity of herbivore outbreaks.
Recent work has suggested that nitrogen deposition is linked to increases in outbreak
frequency of the monophagous heather beetle, Lochmaea suturalis, on Calluna vulgaris
in the Netherlands (Bobbink et al. 1998). In the northeastern United States, there are
hotspots of nitrogen deposition located in high elevation forests (Driscoll et al. 2003)

with the potential to facilitate insect outbreaks.
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In our system, nitrogen deposition increased the rate of insect population growth
and increased plant biomass such that there was no change in the strength of density
dependence. These results add to a growing body of literature examining the effects
nitrogen deposition on plant-herbivore interactions (Throop and Lerdau 2004). However,
there is still a lack of long term data examining the continuing impacts of nitrogen
deposition on plant and herbivore dynamics. Moreover, it is important to consider higher
trophic levels (Hunter 2001, Muller et al. 2005) and determine how predation and

parasitism rates change under nitrogen deposition.
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Table 4.1: The influence of nitrogen deposition and initial Aphis nerii density on per
capita growth rate of the aphid population over 2-3 generations on Asclepias tuberosa.
The non-significant interaction between initial aphid density and nitrogen deposition
indicates that the strength of density-dependence did not differ among nitrogen

deposition treatments.

Type Il | df | MS F P

sum of

squares
Nitrogen deposition 0.0224 |2 0.0112 |9.32 0.0003
Initial aphid density 0.2022 1 0.2022 | 168.24 | <0.0001
Nitrogen deposition X initial density | 0.0011 2 0.0006 | 0.48 0.6209
Error 0.0733 |61 ]0.0012
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Table 4.2: The effect of nitrogen deposition on the maximum per capita population

growth rate (Rmax), carrying capacity (K), strength of density dependence (b) and

proportion alate of Aphis nerii on its host plant Asclepias tuberosa. Data represent the

means of 25 replicates followed by standard errors in brackets. Different letters within

columns denote significantly different means under Tukey’s test (Rmax, K, proportion

alate).

Nitrogen Rinax K b Proportion
deposition alate

(kg ha'yr™)

0 0.2829 (0.012)* |29.504 (2.71)* | -0.00753 (0.001) 0.104 (0.02)*
25 0.3352 (0.011)° | 35.124 (2.98)° | -0.00787 (0.001) 0.109 (0.02)*
40 0.3647 (0.017)b 32.407 (3.38)b -0.00904 (0.001) 0.111 (0.02)*
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10

11

Figure 4.1: Three hypothetical scenarios showing the effect of nitrogen deposition on the
relationship between initial density and per capita population growth rate. The solid line
indicates zero deposition conditions and the dotted line represents conditions after
nitrogen deposition. The slope of the line is a measure of the strength of density-
dependence and we assume negative density dependence in all 3 scenarios. A) The
maximum population growth rate, Riax (the y-intercept), and the carrying capacity, K
(the x-intercept), increase proportionally and there is no change in the strength of density-
dependence. B) Rpax increases fasters than K, and therefore the strength of density-
dependence increases. C) K increases fasters than Ry« and the strength of density-

dependence decreases.
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Figure 4.2: The effect of initial Aphis nerii density on A. nerii per capita population
growth among 3 nitrogen deposition levels on Asclepias tuberosa. Each line represents
the regression of initial aphid density on per capita population growth (n=25 for each

nitrogen deposition level).
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1 Figure 4.3: The effect of initial Aphis nerii density on the proportion alate (winged
2 aphids) present after 2 weeks on Asclepias tuberosa (bars are means of 15 + 1 standard

3 error).
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Figure 4.4: The effect of initial Aphis nerii density on Asclepias tuberosa percentage
foliar nitrogen among 3 nitrogen deposition levels. Each line represents the regression of
initial aphid density on percentage foliar nitrogen (n=30 for each nitrogen deposition

level).
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1  Figure 4.5: The effect of nitrogen deposition on Asclepias tuberosa final dry biomass
2 (bars are means of 30 + 1 standard error). Different letters above bars indicate significant

3 differences among treatment means.
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CHAPTER 5

DECLINES IN PLANT CHEMICAL DEFENSE INDUCED BY A PHLOEM

FEEDING INSECT HERBIVORE'

'Zehnder, C.B. and Hunter, M.D. To be submitted to the Journal of Chemical Ecology
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ABSTRACT

Plant quality often changes following herbivory, and declines in quality may act
as plant defenses. Induced plant responses to leaf chewing insects have been well
studied, but considerably less is known about the effects of phloem-feedings insects on
induction. In a set of laboratory experiments, we examined density-dependent induction
by the milkweed-oleander aphid, Aphis nerii, of putative defenses in four milkweed
species (4sclepias incarnata, A. syriaca, A. tuberosa, and A. viridis). We hypothesized
that high aphid density would lead to increased cardenolide production in high
cardenolide species (e.g. A. viridis), but that there would be no induction of cardenolides
in low cardenolide species (e.g. A. incarnata). Contrary to our predictions, we observed
feeding-induced declines in cardenolide concentrations in 4. viridis. Cardenolide
concentrations did not respond to aphid feeding in the other three milkweed species.
Aphids also caused reductions in biomass accumulation by two of four Asclepias species.
High aphid density led to increased foliar nitrogen and decreased foliar carbon
concentrations in A. incarnata. However, aphid herbivory did not influence foliar

nitrogen or carbon concentrations in any of other three milkweed species.

Keywords: Aphis nerii, Asclepias, cardenolide, density-dependence, induction,

milkweed, plant defense, plant-insect interactions
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INTRODUCTION

Induced plant responses to herbivory are broadly defined as any modification in
the plant following damage, including changes in plant quality due to production of toxic
or anti-nutritional compounds, protein or nutritional constituents, leaf toughness, thorns,
spines or trichomes (Karban and Baldwin 1997). Following damage, plant nutritional
quality may decrease or the concentration of secondary compounds, physical defenses, or
volatile emission may increase (Green and Ryan 1972, Karban and Baldwin 1997, De
Moraes et al. 1998, Agrawal 1999, Abdala-Roberts and Parra-Tabla 2005, Orians 2005).
In many cases, these induced changes reduce subsequent herbivory and act as plant
defenses (Carroll and Hoffman 1980, Karban and Baldwin 1997, Agrawal 2000). It is
thought that induced defenses are less costly than constitutive defenses because the
induced defenses are only activated after herbivory. Therefore, the plant does not pay
any associated ecological or allocation cost in the absence of herbivory (Agrawal 1999,
2000, Strauss et al. 2002). Induced plant responses to herbivory have been demonstrated
multiple times for leaf chewing insect herbivores (Green and Ryan 1972, Carroll and
Hoffman 1980, Malcolm and Zalucki 1996, Karban and Baldwin 1997, Wold and
Marquis 1997).

Less is known about the effects of phloem-feeding insect herbivores on plant
induction. Because phloem-feeders do not remove leaf tissue per se, and in many cases
cause no decrease in plant biomass or leaf area, defenses induced by phloem feeders may
differ from those induced by leaf chewers (Martel and Malcolm 2004). Certainly
phytochemical induction by phloem feeders varies among plant species (Martel and

Malcolm 2004, Cardoza et al. 2005). For example, previous work within the Asclepias
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genus found evidence for cardenolide induction in high cardenolide species, but no
induction in species that lack constitutive cardenolide defenses (Martel and Malcolm
2004).

In a set of laboratory experiments, we measured changes in plant quality induced
by varying densities of the milkweed-oleander aphid, Aphis nerii, on four milkweed
species (4sclepias incarnata, A. syriaca, A. tuberosa, and A. viridis). Specifically, we
measured changes in foliar nitrogen and carbon, defensive chemical concentrations
(cardenolides, below), and plant biomass. Following Martel and Malcolm (2004), we
hypothesized that the magnitude of induction responses would increase with increasing

constitutive levels of cardenolides (lowest in A. tuberosa, highest in A. viridis).

METHODS
Study system

The genus Asclepias is composed of predominately herbaceous perennials with a
wide geographic distribution (Woodson 1954). These species are known as milkweeds
because most of them produce a milky, cardenolide-laden latex when damaged (Malcolm
1991). Cardenolides, or cardiac glycosides, are a group of cardiac-active steroids that are
bitter tasting and toxic in high doses. Cardenolides have been shown to have many
negative effects on species that consume them due to their emetic and toxic properties
(Brower et al. 1984, Malcolm 1989, Malcolm and Brower 1989, Malcolm 1991). Itis
their bitter taste combined with their potential toxicity that has implicated cardenolides in
defensive use by plants against natural enemies, including herbivores, parasites and

pathogens (Malcolm and Zalucki 1996, Agrawal and Malcolm 2002).
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There is a large degree of variability in cardenolide concentrations within and
among milkweed individuals and species (Nelson et al. 1981, Malcolm 1991). Analyses
of population-level variation in cardenolide content have shown that cardenolides vary
qualitatively and quantitatively both spatially and temporally (Nelson et al. 1981,
Malcolm and Brower 1989). Moreover, there is considerable qualitative and quantitative
variation among Asclepias species, and most can be distinguished by their distinctly
different cardenolide ‘fingerprint’ (Malcolm et al. 1989, Malcolm 1991). In addition to
variation in cardenolide concentration, milkweed species also vary in carbon and nitrogen
concentration, trichome density, specific leaf area and water content (Agrawal 2004).

Aphis nerii Boyer de Fonscolombe (Hemiptera: Aphididae), the milkweed-
oleander aphid, is an aposematic phloem feeding specialist of milkweed, Asclepias spp,
and oleander, Nerium oleander L. (Apocynaceae). A. nerii undergoes parthenogenetic
reproduction for most of its life cycle, and sexually reproducing morphs are only
produced when multiple generations are exposed to cool temperatures and short

photoperiods (Takada and Miyazaki 1992, 1993).

Laboratory experiments

In August 2003, three A. nerii individuals were collected from geographically
distinct locations (Atlanta, Georgia; Augusta, Georgia and Gainesville, Florida). Each of
these is referred to as a separate clone (i.e. clone Emory, Augusta and Florida). An aphid
colony was initiated from one individual from each location, leading to three lab
colonies. Separate colonies of these aphid clones were kept at low densities on Asclepias

syriaca in the lab. The colonies were kept in the same growth chamber in which all the
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experiments were run (described below) and experienced the same light and temperature
regime.

All experiments were conducted in a temperature and light controlled walk-in
growth chamber. Grow lights on timers (16 hours day: 8 hour night) provided heat and
light, daytime and nighttime temperatures were 34 + 2.4°C and 24 + 0.48 °C,
respectively. Asclepias seeds were obtained from a seed distributor (Butterfly
Encounters), grown in Farfard 3B soil with Osmocote time-release fertilizer (14-14-14,
N:P:K) and watered as needed. In all experiments, plants were randomly assigned to
treatments and rotated daily to homogenize any environmental gradients within the
growth chamber. Four Asclepias species, A. tuberosa, A. viridis, A. incarnata and A.
syriaca, were chosen to represent a range of plant quality traits. The four species vary in
foliar carbon:nitrogen ratios, trichome density (Agrawal 2004) and cardenolide content
(Malcolm et al. 1989, Agrawal 2004) The rank order from lowest to higher cardenolide
contents are A. tuberosa (negligible), A. incarnata (low), A. syriaca (moderate) and A.
viridis (high) (M.D. Hunter, unpublished data).

The identical experimental design was repeated on the four Asclepias species (4.
tuberosa: June 2004, A. viridis: July 2004, A. incarnata: October 2004 and A4. syriaca:
November 2004). Because of time and space limitations, we could not examine all
species concurrently. Consequently, any comparisons among plant species should be
treated with caution because experimental period is confounded with plant species.
However, photoperiod, temperature and other environmental conditions remained
constant in the growth chamber over the course of all experiments. For each experiment,

three aphid densities (1, 25 and 50 aphids per plant, and zero aphids on controls) were
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established on 1 month old Asclepias seedlings. These densities represent natural aphid
densities (Hall and Ehler 1980); 50 aphids per seedling is approximately 250-500 aphids
per gram dry weight of plant tissue, which is at the high end of natural aphid densities
(Helms et al. 2004). At the start of the experiment, all seedlings were 4 weeks old,
approximately the same size (10-15 cm in height), and composed of a single stem bearing
6-10 leaves. Initially, five adult apterae aphids were placed on all experimental plants,
except the controls, and left to reproduce on the plants overnight. The adult aphids were
then removed and their offspring thinned to the assigned density. This was repeated for
all three aphid clones, except for the experiment on 4. syriaca for which only the Emory
and Florida clones available. Each density by clone combination was replicated seven
times and each plant was caged (including controls). All aphid offspring were removed
daily to keep aphid densities constant. This continued until all aphids died
(approximately 20 days).

For each plant species, seven individuals were harvested at the start of the
experiment on the same day that the aphids were put on the plants (control A), and seven
other plants served as controls throughout the experiment and received no aphids (control
B). We chose these controls instead of measuring the same plants twice to avoid any
induction caused by early leaf sampling.

Plants were harvested at the end of the experiment, after all aphids had died.
Each plant was cut at the base of the stem and rinsed to remove any aphid honeydew.
Plants were freeze-dried and weighed to determine above-ground plant biomass, then
ground and homogenized. From each individual, a sub-sample (~2-3mg) was analyzed

for carbon and nitrogen, and another sub-sample (~50mg) was analyzed for cardenolides
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(methods below). We chose to analyze the entire above-ground plant because the aphids

colonized both stems and leaves.

Plant chemistry

For carbon and nitrogen analysis, ground samples were weighed into tin capsules
with a Mettler UMT2 microbalance (Mettler Toledo, Im Langacher, Switzerland) and
analyzed with a Carlo Erba NA 1500 CHN analyzer (Carlo Erba, Milan Italy).

Cardenolides were analyzed using methods modified from Malcolm and Zalucki
(1996). Briefly, ground samples were extracted with methanol and analyzed for
cardenolide content using high performance liquid chromatography (HPLC). Peaks were
detected by diode array at 218nm and absorbance spectra from 200 — 200 nm with
digitoxin as the standard. Peaks with symmetrical absorption maxima between 217-222

nm were recorded as cardenolides (Malcolm and Zalucki 1996).

Statistical analyses

Given that experiments were run sequentially, data from each plant species were
analyzed separately. Total cardenolide concentration, plant biomass and plant foliar
nitrogen and carbon were compared among treatments using 2-way ANOV As with aphid
density and clone as main effects. Residuals were checked for normality and data were
transformed when necessary. A. viridis biomass and 4. syriaca total cardenolide data
were log transformed to meet the assumptions of normality. Tukey’s honest significant

difference tests were conducted to compare among treatment means.
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RESULTS

Aphid density influenced total cardenolide concentration in only one plant
species, while aphid clone had no effect on total cardenolide concentration in any of the
plant species examined. As aphid density increased, the total cardenolide concentration
in A. viridis decreased (Figure 5.1.A density F, 59 = 9.04, p = 0.0004, clone F, 59 = 0.20, p
=0.8228, density*clone Fs 59 = 1.93, p =0.1202). There was no effect of aphid density or
clone on total cardenolide concentration in A. syriaca (Figure 5.1.B density F»,7 =0.44, p
=0.6516, clone F; 7 =0.01, p=0.9087, clone*density F,,7 =0.29, p = 0.7542). No
cardenolides were detected in A. tuberosa, and cardenolides were detected in only one A.
incarnata individual (receiving 50 aphids per plant from clone Florida).

The effect of aphid density on plant biomass varied among plant species (Figure
5.2 A-D), while aphid clone had no effect on plant biomass. As aphid density increased,
the biomass of 4. incarnata and A. viridis decreased (4. incarnata: Figure 5.2.A: density
F250 =10.04, p=0.0001, clone F, 59 = 1.32, p = 0.2750, density*clone F4 59 = 1.28, p =
0.2914. A. viridis: Figure 5.2.D: density F, 59 = 23.58, p<0.0001, clone F; 59 = 0.24,
p=0.7868, density*clone F4 59 =0.13, p = 0.9695). However, there was no effect of aphid
density on biomass of A. syriaca (Figure 5.2.B: density Fy49=1.95, p=0.1571, clone
Fi40=10.05, p = 0.8222, density*clone F,49 = 0.16, p=0.8502) or A. tuberosa (Figure
5.2.C: density Fy 60 =2.03, p = 0.1442, clone F, 4 = 0.57, p = 0.5688, density*clone F4.4o
=2.44,p=0.0581).

Foliar nitrogen increased at high aphid density on A4. incarnata (Figure 5.3.B
density Fp 6 =2.96, p=0.061, clone F,6, = 0.58, p = 0.0562, density*clone F46, = 0.39,

p =0.8117). Neither aphid density nor clone influenced plant foliar nitrogen in any of the
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other species studied (Figure 5.3: A. tuberosa density F 53 = 0.39, p = 0.679, clone F; 53 =
0.19, p = 0.83, density*clone F4 53 = 0.27, p = 0.899; A. viridis density Fo6, = 1.18, p =
0.314, clone F2 6, =0.11, p = 0.899, density*clone F4 6, = 0.65, p = 0.631; 4. syriaca
density F»4; =0.40, p=0.6711, clone F; 4; = 0.25, p = 0.6201, density*clone F,4; = 0.43,
p =0.6558).

In A. incarnata, foliar carbon concentrations decreased at high aphid densities
(Figure 5.4.B density F» ¢ =4.97, clone F; 6, = 0.58, p=0.5617, density*clone F4 6, =
0.86, p = 0.4952). Neither aphid density nor clone influenced foliar carbon
concentrations in any of the other three plant species (Figure 5.4 4. tuberosa density F sg
=0.44, p = 0.646, clone F, 53 = 1.35, p = 0.270, density*clone F4 53 = 0.72, p = 0.580; 4.
viridis density Fo 6, =2.21, p=0.119, clone F» 6 =2.02, p = 0.123, density*clone F4 6, =
2.04, p=0.102; A. syriaca density F»4; = 1.78, p = 0.183, clone F; 4; = 1.08, p = 0.306,
density*clone F,4; = 0.91, p=0.413)

Table 1 summarized indicies of plant quality measured from control plants.

DISCUSSION

There was variation among the Asclepias species studied in their response to
increasing aphid density. A. viridis was the only species to show a change in cardenolide
concentration which declined with increasing aphid density (Figure 5.1.A). Both 4.
viridis and A. incarnata showed a decrease in final plant biomass with increasing aphid
density (Figure 5.2). Previous research examining the effect of Aphis nerii density on
cardenolide induction in two Asclepias species found that high aphid density induced

cardenolide expression in 4. curassavica but not 4. incarnata which lacks both
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constitutive and inducible cardenolide defenses (Martel and Malcolm 2004). Similarly,
we found no effect of aphid density on A. incarnata cardenolide concentration, and in
most cases were unable to detect any cardenolides in this species.

The results documented by Martel and Malcolm (2004) for A. curassavica (which
also has high constitutive levels of cardenolides like A. viridis) are intriguing.
Cardenolide concentration decreased at low aphid densities, and then increased as aphid
density increased (Martel and Malcolm 2004). We observed no such increase in
cardenolide concentrations at high aphid density on 4. viridis (Figure 5.1.A). The
densities used in our experiments fall within the range of natural aphid densities (Hall and
Ehler 1980, Helms et al. 2004), so the observed reduction in 4. viridis cardenolide
concentration at high aphid densities is not an artifact of unrealistic population size.
However, the plants used in our experiments were all young seedlings and previous work
done by Martel and Malcolm (2004) used older plants. It is possible that aphid effects on
cardenolide induction or suppression vary between young and old plants. In addition to
reducing cardenolide concentrations, increasing aphid density also led to a reduction in
plant biomass accumulation of 4. viridis. Typically, aphids do not cause a decrease in
plant biomass (Throop 2005). However, reductions in plant biomass due to aphid
herbivory have been demonstrated for cotton (Rosenheim et al. 1997), and aphid
infestation caused reduced stem elongation in alfalfa (Girousse et al. 2005). In our case,
the densities were high enough that A. viridis exhibited reduced growth.

We also observed reduced growth of A. incarnata at high aphid density (Figure
5.3.B). That A. incarnata should exhibit stronger growth reductions than either A.

tuberosa or A. syriaca is surprising. A. incarnata had the highest biomass of all the
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species studied (Table 5.1), so it experienced the lowest aphid densities on a per gram of
leaf tissue basis. It is currently unknown why aphid density influenced plant growth of
some Asclepias species but not others.

In addition to causing a decrease in biomass accumulation, high aphid density led
to an increase in foliar nitrogen and a decrease in foliar carbon concentrations in A.
incarnata (Figures 5.3 & 5.4). These results imply an imperfect, or complex, link
between nitrogen availability and 4. incarnata growth. Currently, the mechanism behind
the increased foliar nitrogen concentrations is unknown. One possible explanation is the
formation of a phloem sink on 4. incarnata, with high aphid densities forming nitrogen
rich phloem sinks. Phloem-feeding insects, such as aphids, are able to manipulate host
plant source-sink relationships (Burstein et al. 1994, Girousse et al. 2005, Thompson and
Goggin 2006). Another possibility is that A. incarnata exhibited increased nitrogen
concentrations as a mechanism to tolerate herbivory. After herbivory, tolerant plants may
exhibit increased rates of photosynthesis (Houle and Simard 1996, Mabry and Wayne
1997, Strauss and Agrawal 1999), and photosynthesis increases linearly with leaf
nitrogen concentration (Lambers et al. 1998). Photosynthetic rates were not measured on
any of the plants used in this study. To determine if A. incarnata compensates for aphid
herbivory, comparisons over a longer time period between damaged and undamaged
plants would be necessary.

Previous research has found that mechanical damage to 4. syriaca that mimics
damage by Danaus plexippus induces cardenolide expression after 24 hr but that
cardenolide concentrations drop to constitutive levels after 148 hr (~ 6 days) (Malcolm

and Zalucki 1996). In our experiments, all plants were collected after all of the aphids
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had died, approximately 20 days after each experiment started. If there was rapid
induction of cardenolides due to aphid herbivory and a rapid subsequent decay, we would
have been unable to detect this induction. It may also be that A. syriaca induces
cardenolides in response to leaf chewer, but not phloem-feeder, damage.

A. nerii is a specialist of milkweed and oleander, and it is able to sequester
cardenolides for defense against natural enemies (Rothschild et al. 1970, Malcolm 1986,
1989, 1990, 1991, Malcolm and Zalucki 1996, Agrawal and Malcolm 2002).
Additionally, in the absence of natural enemies, there is no variation in 4. nerii
population growth rate on different milkweed species (Groeters 1993, Martel and
Malcolm 2004). Therefore, it is unlikely that cardenolide induction would have a
negative impact on 4. nerii. From the plant’s perspective, cardenolide induction in
response to herbivory by A. nerii would be counterproductive because it would not
decrease or deter herbivory by the agent causing the damage. In addition, cardenolide
concentration could actually benefit the herbivore and harm the plant because higher
cardenolides would allow the specialist herbivore to be better protected from natural
enemies. This is known as the lethal plant paradox (Malcolm and Zalucki 1996). By not
inducing cardenolides, all four Asclepias species studied avoid benefiting the herbivore at
their own expense. Additionally, by reducing cardenolide concentration, 4. viridis may
prevent 4. nerii from sequestering higher cardenolide concentrations and becoming better
defended against natural enemies. Future work will compare sequestration of
cardenolides at different aphid densities

In addition to there being variation in the response of these four plant species to

increasing aphid density, there was also variation in plant quality traits. While we did not
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statistically compare among the four plant species because our experiments were run at
separate times, it is interesting to note some of the differences among the species.
Previous research has documented that A. viridis is typically a high cardenolide species
and that 4. incarnata has few or no cardenolides expressed (Malcolm 1991, Martel and
Malcolm 2004). Our results show the same patterns. Surprisingly, 4. incarnata had
cardenolides present at the very beginning of the experiment when the seedlings were
approximately 1 month old (Table 5.1), but then these levels rapidly decreased to zero.
We have previously reported the results of aphid population growth during these
laboratory experiments (Zehnder and Hunter 2007) and it is interesting to relate those
dynamics to the plant quality traits measured here. A. nerii exhibited density-dependent
survival, fecundity and alate production on all plant species. However, density-
dependent responses were strongest on 4. viridis and weakest on 4. incarnata. On A.
incarnata, foliar nitrogen concentrations increased at high aphid densities (Figure 3).
Therefore, there might be reduced competition for nitrogen at high density which could
lead to the weaker density-dependent responses documented on A. incarnata compared to
the other plant species. A. viridis has the highest cardenolides concentration of all the
species we examined, and it also has the lowest biomass. Competition for space,
nutrients or cardenolides may have led to the strong density-dependent response by A.
nerii on A. viridis. Because A. nerii sequesters cardenolides for defense against natural
enemies, it has been hypothesized that intraspecific competition for cardenolides may
limit aphid population growth more so than competition for primary plant metabolites

(Malcolm 1986, 1989, 1991, Martel and Malcolm 2004).
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Alate production by A. nerii was also density-dependent, and the response varied
among plant species (Zehnder and Hunter 2007). Alate production is a common response
to high density in aphids (Dixon 1998, Muller et al. 2001). In our previous work, alates
were only produced on two plant species, 4. tuberosa and A. viridis. These two species
had the lowest biomass (Figure 2), which may have led to the most extreme crowding.
Alate production can result from tactile stimulation as aphids bump into each other (Lees
1966, Debarro 1992), which would be more likely on smaller plants.

In summary, we found that changes in A. nerii density led to changes in plant
chemistry and biomass, although not as we had predicted. In no case did increased aphid
density lead to increased cardenolide expression. As aphid density increased, 4. viridis
cardenolide concentration and biomass decreased. For A. incarnata, increased aphid
density led to a decrease in plant biomass and an increase in foliar nitrogen
concentrations. Aphid density did not affect any measured trait of either 4. tuberosa or
A. syriaca. Our results suggest that congeneric plant species may respond very

differently to the same levels of herbivore damage.
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Table 5.1: Biomass, total cardenolide concentration, percent foliar nitrogen and percent foliar carbon for the control plants from the
laboratory experiments. Control A plants were collected on the day that aphids were put on the plants, and Control B plants were

collected at the end of the experiment but never had aphids on them. Values are means of 7 plants + standard error.

Biomass (g) Total cardenolide Foliar Nitrogen (%) Foliar Carbon (%)
concentration (mg/g)
Control A Control B Control A Control B Control A Control B Control A Control B
A. tuberosa | 0.051 £0.006 | 0.359 +0.05 0 0 5.541 +0.20 4456 +0.17 | 43.58+0.45 43.83 +£0.70
A. incarnata | 0.117+0.018 | 1.398 +0.10 0.228 +0.03 |0 5973 +0.323 | 5.450+0.04 | 43.28+0.27 47.17+0.43
A. viridis 0.019+0.004 | 0.1616 +0.03 |2.97 +0.56 5.02+0.89 4.856 +0.22 4.836 £ 0.21 | 40.22+0.55 41.83 +£0.74
A. syriaca 0.125 +0.22 0.870 +0.78 0.502 +0.232 | 0.197 £0.06 | 6.156+0.16 3.789 +0.28 | 44.24 +0.21 43.60 +0.50
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Figure 5.1: The effect of increasing 4. nerii density on total cardenolide concentration in
A) A. viridis and B) A. syriaca. Data from three aphid clones were pooled because there
was no significant effect of aphid clone on total cardenolide concentration. Bars are
means of 21 plants (14 for A. syriaca) + standard error. Different letters above bars

represent significant differences among treatment means.
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Figure 5.1
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Figure 5.2: The effect of increasing A. nerii density on dry biomass of four Asclepias
species A) A. tuberosa, B) A. incarnata, C) A. viridis and D) A. syriaca. Data from three
aphid clones were pooled because there was no effect of aphid clone on plant biomass for
any plant species. Bars are means of 21 plants (14 for A. syriaca) + standard error.

Different letters above bars represent significant differences among treatment means.
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Figure 5.2
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Figure 5.3:The effect of variation in A. nerii density on foliar nitrogen of four Asclepias
species A) A. tuberosa, B) A. incarnata, C) A. viridis and D) A. syriaca. Data from three
aphid clones were pooled because there was no effect of aphid clone on foliar carbon
concentrations for any plant species. Bars are means of 21 plants (14 for 4. syriaca) +
standard error. Different letters above bars represent significant differences among

treatment means.
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Figure 5.3
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Figure 5.4: The effect of variation in A. nerii density on foliar carbon of four Asclepias
species A) A. tuberosa, B) A. incarnata, C) A. viridis and D) A. syriaca. Data from three
aphid clones were pooled because there was no effect of aphid clone on foliar carbon
concentrations for any plant species. Bars are means of 21 plants (14 for 4. syriaca) +
standard error. Different letters above bars represent significant differences among

treatment means.
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Figure 5.4
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CHAPTER 6

CONCLUSIONS & FUTURE DIRECTIONS

In general, the results of my experiments show that variation in plant quality and
aphid density in the current environment influence aphid performance, but variation in
the maternal environment has less of an influence on aphid vital rates. I examined a
number of variables in the maternal environment including maternal density, host plant
species, age, and also interactions among these variables. While maternal effects are
known to impact population dynamics in certain systems (Benton et al. 2005, Plaistow et
al. 2006), .the A. nerii — Asclepias system does not seem to be strongly influenced by the
maternal effects studied here. In hindsight, this may be the case for many aphid species.
Aphids have the ability to respond quickly to their current environment, and the maternal
environment may not be a good predictor of the offspring environment. Phase
polymorphism, production of different morphs like alate or apterae, in aphids is well
documented (Dixon 1998). Looking back over Table 1.2 (Chapter 1), it becomes clear
that all documented examples of maternal effects and aphids involve phase
polymorphism. As far as I can tell, there are no published examples in which maternal
effects influence offspring survival or fecundity.

Maternal effects seem to be most important when conditions in the maternal
environment induce variation in egg or offspring size (Plaistow et al. 2004, Benton et al.

2005, Beckerman et al. 2006). In many cases, offspring size translates into some index of
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offspring quality (Bernardo 1996). Perhaps there is a lack of plasticity in offspring size at
birth for aphids. Or perhaps the maternal contribution to offspring quality is quickly
swamped by the offspring current environment.

Both inter and intra — specific variation in plant quality were found to be
important to 4. nerii vital rates and population dynamics. Many insect herbivores are
nitrogen limited (White 1993), so variation in host plant foliar nitrogen concentrations
often has an impact on insect herbivores (Kyto et al. 1996, Throop and Lerdau 2004).
Additionally, variation in quality among the milkweed species that I studied influenced 4.
nerii vital rates. Specifically, there was variation in aphid density-dependent survival,
fecundity and alate formation. Moreover, changes in plant quality induced by aphid
feeding also varied among Asclepias species.

Results from Chapter 2 show that while maternal effects were present, within
generation effects on vital rates were much stronger and therefore more likely to impact
aphid population dynamics. For example, offspring density had a stronger impact on
vital rates than did maternal density. When I focused on the aphid’s current environment,
I found that aphid per capita survival, fecundity and alate production were density-
dependent on all host plant species studied. However, the strength of these density-
dependent responses varied among species. While these results did not support all of our
original predictions, they did lead to the generation of the hypotheses tested in Chapters
3,4 and 5.

For example, in Chapter 2 I showed that aphids experiencing high densities had
higher survival and fecundity in the second half of their lives than did aphids

experiencing low densities (Figures 2.2 and 2.3). I became interested in whether
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maternal age might influence maternal effects. Therefore, in Chapter 3 I examined the
effects of maternal age, density and host plant species on offspring vital rates. Of the
three factors studied, maternal age had the largest influence on offspring vital rates.
Older mothers produced offspring that lived shorter lives. This is consistent with the
Lansing Effect (Lansing 1947). However, maternal age effects were not large in
magnitude. In a review of the literature, maternal age effects in insects were found to be
generally weak and unlikely to have a big impact on population dynamics (Table 3.3).
Together, Chapters 2 and 3 indicate that while maternal effects are present in this system,
it is unlikely that they have a strong influence on aphid population dynamics.

Results from the first set of experiments (Chapter 2) showed that density-
dependent processes influence aphid vital rates and that variation in plant quality affects
these density-dependent processes. Based upon these results, I then chose to focus on
variation in the strength of density dependence and how intra-specific variation in plant
quality may affect this. This led to the density-manipulation experiment examining the
effects of simulated nitrogen deposition on the interaction between aphids and their host
plants which is reported in Chapter 4. Results show that nitrogen deposition increased
plant foliar nitrogen concentrations, plant biomass and aphid per capita population
growth. Nitrogen deposition caused aphid R and K to increase proportionally, leading
to no change in the strength of density-dependence. Previous work by Agrawal and
colleagues (2004) on A. nerii and multiple Asclepias species found variation in the
strength of density-dependence. They reported an increase in Rp.x on high quality plants
but no proportional increase in K. Therefore, they concluded that Ry, is a predictor of

the strength of density-dependence (Agrawal et al. 2004). My results show that Ry.x and
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K can increase proportionally on high quality plants, so an increase in Rpmax does not
necessarily correlate to an increase in the strength of density-dependence.

The effects of nitrogen deposition on plant-insect interactions remains topical,
given predicted anthropogenic increases in nitrogen availability. I conducted one small,
short-term laboratory experiment which suggests that insect populations may rise as
nitrogen deposition increases. However, future work needs to explore long term effects
of nitrogen deposition on natural systems, and also the interactive effects of nitrogen
deposition on plant defenses and natural enemies (Throop and Lerdau 2004).

Chapter 5 again makes use of experimental work in Chapter 2, but this time it’s
from the plant’s perspective. Using plants collected at the end of experiment 3 in Chapter
2, I examined the effects of variation in aphid density on induced plant defenses of four
Asclepias species. Aphid density influenced plant chemistry and biomass, and the effect
varied among plant species. However, in no case was there an increased expression of
plant defensive compounds at higher aphid densities. Cardenolide concentration was
found to decline at high aphid density on 4. viridis, and cardenolide concentration did not
respond to aphid feeding in the three other milkweed species. These results, combined
with results documenting interspecific variation in cardenolide induction in Asclepias
species by Martel and Malcolm (2004), demonstrate that closely related plant species
may respond very differently to similar levels of herbivore damage.

In summary, the environment that an aphid currently experiences is more
important to aphid vital rates than the environment of the maternal generation. Variation
in plant quality influences aphid population growth rates and vital rates. Additionally,

nitrogen deposition affects both plants and herbivores, leading to no apparent change in
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the strength of density-dependence. Finally, congeneric plant species respond differently
to the same levels of herbivore damage and plants may not induce defenses against
specialist herbivores.

All of the research covered in this dissertation was laboratory based and did not
include higher trophic levels. Therefore, given a chance to continue in this system, I
would investigate the interactions among Asclepias spp, Aphis nerii and natural enemies
of A. nerii. 1 would examine the effects of variation in aphid density and host plant
species on aphid cardenolide sequestration, and determine how this interaction influences
higher trophic levels, specifically parasitism by Lysiphlebus testaceipes. Based upon
Chapter 5, I would hypothesize that aphid cardenolide concentration would decrease at
high aphid densities. It is currently unknown how aphid cardenolide concentrations
affect parasitism by L. festaceipes. However, parasitism rates are known to vary among
Asclepias species (Helms et al. 2004).

Additionally, I am interested in examining how strong maternal effects must be in
order for them to have an effect on subsequent population dynamics. For example,
maternal effects were found to be less important than the offspring’s competitive
environment at influencing offspring performance in a soil mite system (Beckerman et al.
2006). For A. nerii, maternal effects were weak compared to the effects of the current
environment and, therefore, unlikely to influence on population dynamics (Zehnder and
Hunter 2007). How strong must maternal effects be compared to the effects of the
current environment in order for them to cause cycles? I think a modeling approach
would be the best way to examine this question (which for me means collaboration).

Additionally, a modeling approach could investigate if small changes in development
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time, like a 9 hour decrease in age at maturity, could lead to changes in long term
dynamics.

Finally, further research in this system would include fieldwork. Do natural
populations of A. nerii experience density-dependent survival, fecundity and alate
production and is there variation in these responses among host plant species?
Additionally, how does nitrogen deposition affect rates of parasitism and predation, and
how does nitrogen deposition affect other members of the Asclepias arthropod

community?
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