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ABSTRACT 
 
 Phytophagous insects and plants comprise one half of all macroscopic organisms on 

Earth, and understanding the causes and consequences of plant-insect interactions has 

been a long-standing focus in ecological and evolutionary biology.  A key challenge has 

been determining the factors that affect how insects distribute among plants.  While 

ditrophic and tritrophic interactions are well known and enormously important, the 

biophysical context in which these interactions occur is largely unexplored.  This 

dissertation examines how a plant’s physical environment affects insect performance on, 

and preference for, its leaves. 

 

 An insect’s primary physiological challenges are staying within an appropriate 

temperature range and retaining sufficient water.  These problems are exacerbated during 

the egg stage.  Eggs have comparatively enormous ratios of surface area to volume, and 

their temperature is determined largely by where they are laid.  In addition, the 

importance of embryonic developmental events, and the potential for these events to 

shape an insect’s phenotype, may cause eggs to be particularly sensitive to environmental 

perturbation.  Because they are small, eggs are nearly always immersed within their 

plant’s boundary layer, a thin layer of still air that resists heat and moisture transfer 

between the plant and its surroundings.  Almost no work has documented the 

microclimate to which insects are exposed in a plant’s boundary layer, which likely 

differs substantially both from the ambient macroclimate, and from leaf to leaf. 

 

 Because a female controls the location in which her eggs must develop, her choice 

of oviposition site may profoundly influence the success of her offspring.  The 

preference-performance hypothesis predicts that insects should prefer oviposition sites 

that enhance the performance of their offspring; yet, ‘optimal’ oviposition choice may be 

impossible due to a number of constraints.  In this dissertation I examine how site-

specific environmental variables, including microclimate, predation, and leaf nutrition, 

drive female oviposition preference and offspring performance in the hawkmoth, 
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Manduca sexta L. (Lepidoptera: Sphingidae).  I measure how leaves of M. sexta’s 

primary host plants in the southwestern USA modify the temperature and humidity 

experienced by eggs, and how these leaf microclimates affect the performance of eggs 

and larvae.  I then test whether this species’ oviposition-site choices correlate with 

offspring performance with regard to microclimate, predation risk, and leaf nutrition.  

This dissertation is unique in focusing on the relatively unstudied biophysical context in 

which plant-insect interactions occur.  Additionally, it is the first work that compares, 

together in a single study, the effects of varying multiple factors related to oviposition-

site choice across all life history stages in a single model system. 
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I. INTRODUCTION 

 

Explanation of the problem and a review of the literature 

 

 Phytophagous insects and plants comprise one half of all macroscopic organisms on 

Earth (Bernays and Chapman 1994), and understanding the causes and consequences of 

plant-insect relationships has been a long-standing focus in ecological and evolutionary 

biology.  A key challenge has been determining the factors that affect how insects 

distribute among plants.  In particular, why do certain insects occur on certain plants, and 

where do insects occur within individual plants?  While ditrophic and tritrophic 

interactions are well known and enormously important, almost no work has examined the 

biophysical context in which plant-insect interactions occur.  In my dissertation research, 

I examined how a plant’s physical environment affects insect performance on, and 

preference for, its leaves. 

 

 The primary physiological challenges for terrestrial insects are staying within an 

appropriate temperature range and retaining sufficient water (Barton-Browne 1962, 

Willmer 1980, Hadley 1994).  Indeed, virtually all aspects of organismal biology, from 

enzyme activity to behavior, are affected by these factors.  In general, the difficulty of 

controlling temperature and water loss depends on two factors—body size and mobility.  

Large-bodied insects can maintain body temperatures differing from ambient 

temperatures for longer; in addition, they have greater capacity for storing water and a 

relatively small surface area for losing it.  Mobility confers the means to move among 

microhabitats in search of optimal temperature and humidity.  

 

 Nearly all insects, however, go through an egg stage, in which they possess neither 

large size nor mobility.  Embryos must play the hand they are dealt; most eggs are 

deposited with all the water they will contain until hatching, and their temperature is 

determined largely by where they are laid.  Furthermore, they have comparatively 
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enormous ratios of surface area to volume, and must lose water, via eggshell pores, in 

order to obtain oxygen (Hinton 1981).  Together, these factors increase the risk of 

desiccation and thermal stress during the egg stage.  In addition, particularly important 

developmental events take place within the embryo, and environmental effects during 

embryogenesis may disproportionately contribute to phenotypic plasticity in later stages.  

Phenotypes emerge from complex interactions between genes and environment 

(Monaghan 2008), and generally, the earlier an environmental disturbance, the stronger 

its long-term effects (Lindström 1999).  Although larval environment clearly influences 

development (e.g., Qayyum and Zalucki 1987, Crill et al. 1996, Pritchard et al. 1996, 

Gillooly and Dodson 2000), the consequences of embryonic environment for later stages 

have rarely been addressed.  Yet, while larvae can thermoregulate in nature (Casey 1976, 

Capinera et al. 1980, Ute et al. 2005), eggs are exposed to temperatures that are entirely 

out of their control.  How egg environment affects insect performance in subsequent life 

stages is largely unknown. 

 

 Despite the importance and vulnerability of developing embryos, in the vast 

majority of insect species, females simply deposit their eggs and abandon them.  Such a 

strategy has two consequences. (1) It shifts much of the physiological responsibility of 

coping with environmental variation to the eggs and embryos, and (2) it magnifies the 

importance of when and where females choose to lay their eggs.  Selection may favor 

strategies that allow embryos to be robust to desiccation and thermal stresses (e.g., 

Zrubek and Woods 2006, Woods 2010), or females may deposit eggs in microhabitats 

that provide protection from environmental extremes. 

 

 This dissertation focuses on phytophagous insects that oviposit, as most do, 

directly onto host plants.  Because they are small, eggs are nearly always immersed 

within their plant’s boundary layer, a thin layer of still air that resists heat and moisture 

transfer between the plant and its surroundings (Woods 2010).  On a leaf, boundary layer 

conditions reflect interactions between ambient environmental characteristics (e.g., 



 11 

humidity, air temperature, solar radiation, and wind speed) and leaf morphology and 

physiology (e.g., leaf size, stomatal behavior, color, and pubescence).  The microclimate 

immediately surrounding an egg therefore may differ substantially from the nearby 

macroclimate (Nobel 2005).  Open stomata allow for increased transpiration and 

evaporative cooling, particularly when the vapor pressure difference between leaf and air 

is high.  Alternatively, stomatal behavior may act to limit water loss; leaves with closed 

stomata may be warmer than air temperature due to solar heating (Field et al. 1982).  In 

the same way that insect heat balance depends on size, so does leaf heat balance.  

Because leaf size affects boundary layer thickness, leaves even within the same plant may 

provide different microhabitats. Larger leaves have thicker boundary layers, which permit 

large differences between leaf and air conditions (Monteith and Unsworth 1990, Schuepp 

1993, Martin et al. 1999, Nobel 2005).  Conversely, for small leaves, transpiration can 

more easily depress leaf temperatures below ambient.   

 

 The preference-performance hypothesis predicts that insects should prefer 

oviposition sites that enhance the performance of their offspring (Jaenike 1978, 

Thompson 1988, Gripenberg et al. 2010).  Because a female controls the location in 

which her eggs develop, poorly chosen oviposition sites may result in high mortality or 

slow growth of embryos or hatchlings (Groenteman et al. 2006).  ‘Optimal’ oviposition 

choice, however, may be impossible due to a number of constraints (Gripenberg et al. 

2010).  Few studies have investigated the potential conflict between the actual 

oviposition strategy of a female and the ideal conditions for her offspring.  While studies 

of insect oviposition behavior have centered on choices among different species or 

individuals of host plants (Bernays and Chapman 1994), the question of how females 

decide where to oviposit within a plant has received much less attention (but see, e.g., 

Duffield and Chapple 2001, Kessler and Baldwin 2002, Groenteman et al. 2006).  Yet, 

oviposition sites within a plant may differ as much as sites on different plants. 

 

 In addition to within-plant variation in microclimate, described above, sites within a 
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plant vary in nutritional content, accessibility to predators and parasites, and chemical 

and physical defenses.  For example, it is often assumed that young leaves are best for 

oviposition because they provide tender, nutritious food for newly hatched larvae.  

Younger leaves typically contain more nitrogen, reflecting resources allocated for leaf 

expansion (Feeny 1970, Kursar and Coley 1991, 2003).  Old leaves are generally less 

nutritious, but they may be less chemically defended (Coley 1983, Brenes-Arguedas et al. 

2006).  Indeed, many lepidopteran larvae avoid feeding on older leaves; this is suggested 

to occur in homopterans as well (Tedders 1978, Raupp and Denno 1983, Gall 1987, 

Thom et al. 2004, Coley et al. 2006, Gripenberg et al. 2007).  Furthermore, females of 

many insect species distinguish between young and old leaves and preferentially lay eggs 

on the former (Scriber and Slansky 1981, Barone 1988, Bergström et al. 1995, Lawrence 

et al. 2003, Bittencourt-Rodrigues and Zucoloto 2005). 

 

 Clearly, performance at, and preference for, a given oviposition site depend upon 

multiple biotic and abiotic factors, including nutritive value, threat of enemies, and 

microclimate.  This dissertation is unique in focusing on the latter: the relatively 

unstudied biophysical context in which plant-insect interactions occur.  In addition, it is 

the first work that compares, together in a single study, the effects of varying multiple 

factors related to oviposition-site choice across all life history stages in a single model 

system. 

 

 

Explanation of dissertation format 

 

 The research included in this dissertation investigates the causes and consequences 

of oviposition-site choice by the hawkmoth, Manduca sexta L. (Lepidoptera: 

Sphingidae).  The document is presented as four independent manuscripts.  Appendix A 

examines the degree to which D. wrightii leaves buffer ambient thermal variation and 

asks whether that buffering benefits M. sexta eggs.  Appendix B extends the work 
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presented in Appendix A to measure the long-term consequences of ecologically-relevant 

egg temperatures for M. sexta performance (e.g., growth rate, size, development time and 

potential fecundity).  It tests how egg temperatures affect these key traits, and documents 

over what time scales the effects persist.  Appendix C examines how humidity varies 

under leaves of two host plants: D. wrightii and Proboscidea parviflora.  This study tests 

whether differences in leaf humidity affect the survival and development time of M. sexta 

eggs.  Finally, Appendix D tests how M. sexta females select individual leaves on which 

to oviposit, and how those decisions affect the survival and growth of eggs and larvae. 
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II. PRESENT STUDY 

 

 The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation.  The following is a summary of the most important findings 

of these papers.  

 

 Appendix A examines the degree to which leaves buffer ambient thermal variation 

and asks whether that buffering benefits leaf-associated insect eggs.  Eggs laid on leaves 

experience a thermal environment that is strongly influenced by the leaves themselves.  

Because plants can maintain leaf temperatures that differ from ambient, plant hosts may 

protect eggs from extreme ambient temperatures.  I focus on the hawkmoth Manduca 

sexta and its primary host plant, Datura wrightii, in southeastern Arizona, USA.  

Specifically, I (1) measured temperature variation at oviposition sites in the field, (2) 

manipulated temperatures in the laboratory to determine the effect of different thermal 

conditions on embryo development time and survival, and (3) tested embryonic metabolic 

rates over increasing temperatures.  The results show that egg survival is facilitated by 

the limited homeothermy of host plants: D. wrightii leaves buffer M. sexta eggs from 

fatally high ambient temperatures that sometimes occur at these sites.  However, even 

moderate temperatures cause large differences in embryo metabolic rate and development 

time.  These data on the thermal interactions between M. sexta and D. wrightii are the 

first mechanistic demonstration of how this type of thermal refuge can interact with egg 

physiology. 

 

 Appendix B extends the work in Appendix A by testing how temperature during 

the egg stage affects insect performance across all subsequent life stages.  An organism’s 

environment, particularly early in development, can profoundly shape its future 

phenotype.  While the long-term consequences of embryonic temperature are well studied 

in vertebrates, insects have complex life cycles that may uncouple temperature’s effects 

in one stage from physiology in the next.  I focused on the hawkmoth, Manduca sexta, 
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and examined how egg temperatures affected hatching time, hatchling mass, larval 

growth, development time, head capsule size, pupal mass and adult fecundity.  Eggs were 

subjected either to diurnal temperature cycles or to a single heat shock; in both 

experiments, temperatures were within the range to which eggs are typically exposed in 

the field.  In both experiments, slight differences in temperature induced plasticity in 

multiple, performance-related traits; these likely have fitness consequences for M. sexta 

in nature.  The effects were strong on embryos and early larval instars, but disappeared 

rapidly in the absence of temperature differences during subsequent life stages.  

Compensatory growth and uncoupled life stages may help M. sexta, and perhaps insects 

in general, minimize the long-term phenotypic consequences of early thermal stress.  This 

is the first study, to my knowledge, of how egg temperature affects insect performance 

across all subsequent life stages. 

 

 Appendix C asks: how humid are leaf microenvironments, and how do these 

humidities affect the performance of insect embryos?  Just as leaves can protect eggs 

from stressfully high ambient temperatures, leaves may protect eggs from stressfully low 

ambient humidity.  In this study, I (1) compared diurnal humidity cycles of leaves of 

Manduca sexta’s primary and secondary host plants in southeastern Arizona, USA, 

Datura wrightii and Proboscidea parviflora, (2) tested whether M. sexta eggs have 

different rates of water loss on each host plant, and (3) manipulated humidity in the 

laboratory to determine the effect of desiccation on embryo survival and development 

time.  This study is ongoing, and I will increase sample sizes for all of these experiments 

during my postdoctoral work.  The results to date show that both hosts, particularly P. 

parviflora, provided relatively cool, moist microclimates for oviposition; eggs on leaves 

lost water more slowly than eggs in ambient air.  Additionally, leaves of Proboscidea 

were cooler and more humid than those of Datura.  In mild laboratory conditions, 

however, egg desiccation had no effect on egg development time or survival, suggesting 

that M. sexta eggs in Arizona are robust in arid environments. 
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 Appendix D tests how microclimate, predation, and leaf nutritive value correlate 

with within-plant oviposition preference and offspring performance in insects.  The 

preference-performance hypothesis predicts that insects should prefer to oviposit on sites 

that enhance the performance of their offspring.  I tested whether within-plant oviposition 

by Manduca sexta follows this prediction, focusing on its primary host plant, Datura 

wrightii, in southeastern Arizona, USA.  Specifically, I asked: (1) On leaves of what size 

and at what height on a plant do females typically oviposit?  (2) Do female oviposition 

patterns result from random leaf choice, or active preference for leaves of a particular 

size or height?  (3) How do leaf size and leaf height affect survival and growth of eggs 

and larvae?  The results show that M. sexta females oviposit at random within D. wrightii 

plants.  While larger leaves on the upper half of a plant received more eggs, this was due 

to the greater accessibility of those leaves.  Hatching success was higher on small leaves, 

but larvae grew faster if they consumed large leaves.  In addition, larvae switched leaves 

remarkably often, and their behavior was different on field plants versus greenhouse 

plants. The unexpected mobility of hatchlings suggests that the consequences of within-

plant oviposition site-choice are potentially strong for eggs, but much less significant for 

larvae. 
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Abstract 

Virtually all aspects of insect biology are affected by body temperature, and many taxa 

have evolved sophisticated temperature-control mechanisms.  All insects, however, begin 

life as eggs, and lack the ability to thermoregulate.  Eggs laid on leaves experience a 

thermal environment, and thus a body temperature, that is strongly influenced by the 

leaves themselves.  Because plants can maintain leaf temperatures that differ from 

ambient, e.g. by evapotranspiration, plant hosts may protect eggs from extreme ambient 

temperatures.  We examined the degree to which leaves buffer ambient thermal variation, 

and whether that buffering benefits leaf-associated insect eggs.  In particular, we: (1) 

measured temperature variation at oviposition sites in the field, (2) manipulated 

temperatures in the laboratory to determine the effect of different thermal conditions on 

embryo development time and survival, and (3) tested embryonic metabolic rates over 

increasing temperatures.  Our results show that Datura wrightii leaves buffer Manduca 

sexta eggs from fatally high ambient temperatures in the southwestern USA.  Moreover, 

small differences in temperature profiles among leaves can cause large variation in egg 

metabolic rate and development time.  Specifically, large leaves were hotter than small 

leaves during the day, reaching temperatures that are stressfully high for eggs.  This study 

provides the first mechanistic demonstration of how this type of leaf-constructed thermal 

refuge interacts with egg physiology. 

 

Key words: microclimate, respirometry, leaf size, critical thermal maximum, Manduca 

sexta, Datura wrightii 
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Introduction 

Virtually all aspects of insect biology, from enzyme activity to behavior, are affected by 

body temperature, and many taxa have evolved sophisticated temperature-control 

mechanisms.  In general, the difficulty of temperature control depends on two factors: 

body size and mobility.  Large size confers thermal inertia, such that large-bodied insects 

can maintain body temperatures differing from ambient temperatures for longer.  

Mobility confers the means to move among thermal microhabitats.  Indeed, insect 

behavioral thermoregulation is integral to much of insect physiological ecology (May 

1979, Heinrich 1993, Chown and Nicolson 2004). 

 

 All insects, however, go through a developmental stage—the egg stage—in which 

they possess neither large size nor mobility.  Because eggs are small, and therefore nearly 

always isothermal with nearby microenvironments, embryo temperature is determined by 

maternally chosen microhabitats.  Here we focus on phytophagous insects that oviposit, 

as most do, directly onto host plants.  For these eggs, microsite experience reflects 

interactions between ambient environmental characteristics (e.g., air temperature, solar 

radiation, wind speed) and leaf morphology and physiology (e.g., leaf size, color, 

pubescence, transpiration).  Eggs lie in boundary layers of relatively still air, which resist 

heat and moisture transfer between a leaf and its surroundings.  When boundary layer 

conductance is low—e.g., big leaves in calm wind—large differences between leaf and 

air temperatures can occur (Monteith and Unsworth 1990, Schuepp 1993, Martin et al. 

1999, Nobel 2005).  Conversely, when conductance is high, transpiration can depress leaf 

temperature below ambient.  This raises the possibility that insect eggs, due to small size 

and proximity, exploit the physiology of their host leaves to avoid damagingly high 

temperatures.        

 

 Testing this idea requires evaluating both leaf and egg physiology.  Unlike other 

life stages, which have the advantage of mobility and functioning organs, embryos rely 

solely on cellular mechanisms, particularly heat shock proteins, to survive thermal stress 
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(Feder and Hofmann 1999, Kultz 2005, Hamdoun and Epel 2007).  Because expression 

of cellular mechanisms depends on developmental stage, precise matching between eggs 

and their expected environment may be impossible (Krebs and Feder 1998, Heikkila 

2003).  Alternatively, selection may favor strategies that allow embryos to be robust to 

extremes, such as maternal pre-loading of heat shock protein (HSP) (e.g., Feder 1997, 

Feder et al. 1997, Roberts and Feder 2000).  Indeed, while eggs have historically been 

viewed as vulnerable to high temperatures, development is generally successful under 

real-world conditions (Hamdoun and Epel 2007).  

 

 The second, complementary issue is leaf microclimate.  Do leaf microclimates 

buffer ambient thermal variation, such that eggs on leaves rarely experience extremes?  

Mahan and Upchurch (1988) argue that plants are “limited homeotherms”—i.e., that 

plants control transpiration to optimize temperature for cell function.  Because 

photosynthesis, growth and reproduction rely on enzymes with species-specific optimal 

temperatures, plants that can lower their leaf temperatures may avoid the cost of shutting 

down these processes in the heat of the day (Zangerl 1978, Hatfield and Burke 1991).  

While a leaf’s minimum temperature is environmentally controlled, its high temperature 

is subject to greater control by the leaf itself.  This control stems from stomatal behavior.  

Open stomata allow for increased transpiration and evaporative cooling, particularly 

when the vapor pressure difference between leaf and air is high.  Alternatively, stomatal 

behavior may act to limit water loss; leaves with closed stomata may be warmer than air 

temperature due to solar heating (Field et al. 1982).  In the same way that insect heat 

balance depends on size, so does leaf heat balance.  Because leaf size affects boundary 

layer thickness, leaves even within the same plant may vary in their ability to 

thermoregulate and thus provide different microhabitats.  

 

 We examined the degree to which leaves buffer ambient thermal variation and, 

whether that buffering benefits leaf-associated insect eggs—in particular, whether 

buffering protects eggs from fatally high ambient temperatures and whether leaf thermal 
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microhabitats support rapid development.  We used eggs of the sphinx moth, Manduca 

sexta Linnaeus (Lepidoptera: Sphingidae), and its primary host in southern Arizona, 

Datura wrightii Regel (Solanaceae), a broad-leafed perennial plant.  M. sexta occurs 

across much of N. America south of ~ 42°N, extending to southern S. America.  Females 

oviposit exclusively on Solanaceae (Madden and Chamberlin 1945, Yamamoto and 

Fraenkel 1960) and one species of Martyniaceae (Mechaber and Hildebrand 2000).  

Females lay an average of ~300 eggs, each deposited individually under the host plant 

leaves (Madden and Chamberlin 1945).  M. sexta has become a model insect in biology, 

yet has rarely been studied in its natural habitat.  In a laboratory population, M. sexta 

eggs are oxygen-limited above 32°C (Woods and Hill 2004); since air temperatures in 

Arizona regularly reach 45°C, Datura leaves may provide critical microclimates.  In this 

study, we: (1) measured temperature variation at oviposition sites in the field, (2) 

manipulated temperatures in the laboratory to determine the effect of different thermal 

conditions on embryo development time and survival, and (3) tested embryonic metabolic 

rates, measured as rates of CO2 emission, over increasing temperatures.  Collectively, our 

results suggest that M. sexta eggs in southern Arizona often experience temperatures that 

are stressfully or fatally high.  Moreover, even moderate temperatures caused large 

differences in embryo metabolic rate and development time.  Even slight reduction in leaf 

temperatures moves eggs away from critical thermal maxima, suggesting that eggs are 

protected by the limited homeothermy of their hosts. 

 

 

Materials and methods 

Animals  

We used wild Manduca sexta Linnaeus (Lepidoptera: Sphingidae) collected as eggs and 

larvae from a common host, Datura wrightii Regel (Solanaceae), around Tucson, AZ, 

USA in July & August 2008.  In Arizona, M. sexta is active during the monsoon season 

from July to September (Riffell et al. 2008).  Females attach eggs singly to the lower host 

leaf surface; eggs hatch after ~4 days, and larvae typically develop through 5 or 6 instars 
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(Kingsolver 2007).  For this study, we reared ~200 individuals on cut leaves of D. 

wrightii and allowed them to pupate in soil.  Moths emerged in a 2 × 2 × 2 m flight cage 

and had access to potted D. wrightii and Nicotiana tabacum as oviposition substrates and 

to sugar water and Datura flowers as food sources.  Eggs collected from these moths 

were used for all experiments. 

 

Leaf temperatures  

The primary host plant for M. sexta in the southwestern US is D. wrightii, a broad-leaf, 

perennial herb.  In September 2007, we attached twenty-four 40-gauge, copper-

constantan thermocouples (constructed by K. Potter) to the undersides of leaves on four 

D. wrightii plants growing in a field at the University of Arizona Campus Agricultural 

Center, in Tucson, AZ.  Twelve pairs of adjacent leaves, one small (4-5 cm in length) and 

one large (10-12 cm), with otherwise similar height, orientation, shading and color, were 

selected.  These size classes are within the range of leaves on which females normally 

oviposit (K.P., unpublished).  All pairs were on the exterior of the plant, where M. sexta 

primarily oviposits, which minimizes self-shading during the day.  Thermocouples were 

attached 1 cm from the leaf edge, a typical oviposition location for M. sexta eggs (mean ± 

s.e.m. = 0.92 ± 0.06 cm from edge, N = 40).  Previous measurements by Potter and others 

(e.g., Chappell 1983) show that in desert environments there are steep thermal gradients 

from ground level up to 10-20 cm.  Leaf pairs were therefore selected at a range of 

heights above 20 cm (leaves: 29-96 cm, plants: 67-105 cm).  One additional 

thermocouple, used to measure ambient air temperature, was placed under a radiation 

shield and fixed 50 cm above the ground.  The mean height of the thermocouples was not 

significantly different from the height of the ambient air probe (t  = -0.5084, P = 0.62, N 

= 9).  Temperatures were sampled every minute, averaged over 10-min blocks, and 

recorded to a datalogger (CR10X; Campbell Scientific Inc., Logan, Utah, USA) fitted 

with a thermocouple multiplexer (Campbell Scientific Inc., AM25T).  Thermocouples 

were checked daily, and any that had become detached from the leaf surface were 



 29 

removed from further analysis.  Nine pairs of thermocouples (18 total) remained for 

analysis. 

 

Temperature, survival, and development rate of eggs 

Multiple moths were allowed to oviposit for 3 h (21:30 – 00:30 h).  Eggs were 

immediately collected, and a random subset placed into an aluminum thermal gradient 

bar (for details see Woods and Bonnecaze 2006).  Temperature gradients in the bar were 

set by circulating controlled-temperature water through chambers in each end.  Down the 

length of the bar were 12 evenly spaced rows of 8 wells each, into which we placed 96 

eggs (mean ± s.e.m. = 2.03 ± 0.02 mg). Copper-constantan thermocouples were also 

placed in each row, and temperature was logged every 10 min.  Bath temperatures were 

set to mimic the daily temperature cycles we measured on D. wrightii leaves in Tucson 

(Fig. 1).  During the night, all rows were held at 24°C.  During the day, temperatures 

were ramped up slowly such that each row reached peak temperature, ranging from 

29.5°C to 46°C (1.5°C intervals between each adjacent row), for 3 hours and then ramped 

back down (See Fig. 3A).  Time-lapse movies (30 frames h-1) of the bar, visualized from 

above, were taken using webcams and CamPanel monitoring software (Eagletron, v. 

2.6.6; www.trackercam.com/TCamWeb), allowing us to determine hatching time of each 

egg.  Eggs not hatched after 7 days were observed under a microscope and scored as 

fertile (dead embryo inside) or infertile (no embryo inside).  Infertile eggs were removed 

from analysis. 

 

Effects of heat shock on egg survival 

Eggs were collected after one night of oviposition and kept at room temperature (~24°C).  

Three days later, 96 eggs were heat shocked for two hours.  Eggs were dropped 

simultaneously into a thermal gradient bar (described above), which varied in 

temperature from 37°C to 48°C along its length, with a 1°C difference between rows (N = 

8 eggs per temperature; 12 temperatures).  After two hours, the eggs were removed from 

the bar and returned to room temperature for the remainder of development.  Seven days 
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after oviposition, eggs were scored for hatching success.  Unhatched eggs were observed 

under a microscope to determine whether they were infertile or contained partly 

developed embryos; infertile eggs were removed from analysis. 

 

Egg respiration as a function of temperature 

Carbon dioxide emission was measured using flow-through respirometry.  Eggs laid 

overnight were collected in the morning and split into two batches of 10-15 eggs each: 

one batch was measured on day one (the day following the night of oviposition), and the 

second on day three.  Four paired trials were run (N = 8 total).  Egg batches were weighed 

and placed into a water-jacketed stainless-steel chamber (for details see Woods & Hill 

2004).  Chamber temperature was controlled by water from a recirculating bath.  Eggs 

were allowed to equilibrate under experimental conditions in the water-jacketed chamber 

for at least 20 minutes before temperature ramps began.  Bath temperature started at 

27°C, and was increased by 2°C every 10-12 minutes until chamber temperature 

exceeded 50°C.  Dry, CO2-free compressed air was directed past eggs at a rate of 30 ml 

min-1 (STPD) and then into the CO2 analyzer (Licor LI-7000, Lincoln, NE, USA).  All 

gases were handled using Bev-a-line IV tubing (Cole Parmer, Vernon Hills, IL, USA).  

The analyzer was calibrated regularly with pure N2 and 100 ppm CO2 in N2 (Airgas).  

Data were logged using ExpeData software (v. 1.0.17; Sable Systems, Las Vegas, NV, 

USA) receiving digital signals from an A/D converter (UI2, Sable Systems), which itself 

received analog signals from the instrument.  For a control, we logged temperature in a 

separate chamber otherwise identical to the experimental chamber except that it was 

fitted with a T-type thermocouple (connected to a TC-1000 thermocouple meter, Sable 

Systems) that extended into the chamber’s air space.  Mass-specific CO2 emission was 

calculated from concentration, flow rate and batch mass. 

 

Results 

Leaf temperatures  
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In Arizona, temperatures under Datura wrightii leaves varied substantially, suggesting 

that M. sexta eggs are exposed to a wide range of temperatures.  Individual leaves 

exhibited diurnal fluctuations of more than 20°C (Fig. 1A), with peak daytime 

temperatures ranging from 33-46°C (gray traces, Fig. 1A).  There was no relationship 

between thermocouple height and maximum daily temperature of either small (R2 = 0.26, 

P = 0.16, N = 9) or large (R2 = 0.09, P = 0.42, N = 9) leaves.  Most of the time, most 

leaves were cooler than the ambient air.  At night, leaf and air temperatures were similar, 

and leaf-to-leaf differences were smaller.  During the day, large leaves were consistently 

warmer than their matched small leaves (Fig. 1B).  Large leaves had daytime high 

temperatures that were on average 3.0°C warmer than those of small leaves (paired t-test, 

N = 9 pairs, P = 0.012).  Minimum nighttime temperatures, in contrast, were 

indistinguishable between sizes (paired t-test, N = 9 pairs, P = 0.45).  Functionally, leaves 

of D. wrightii showed size-dependent limited homeothermy.  In both size classes, leaf 

temperature rose with ambient temperature.  But for small leaves, the relationship 

appeared to be curvilinear, deviating more at higher ambient temperatures.  We 

confirmed this impression by fitting a second order model (Tleaf ~ size*Tair + size*Tair
2).  

The main second-order term was not significant, but there was a significant interaction 

between it and size (Table 1).  Importantly, D. wrightii functions as a limited 

homeotherm, primarily due to the cooling of small leaves (Fig. 2).  Small leaves show a 

non-linear relationship between air and leaf temperature (ANOVA, P = 0.020), whereas 

large leaves do not (ANOVA, P = 0.61, N = 9).  Each point in Fig. 2 represents an hourly 

average of leaf temperatures vs. hourly average air temperature, over the course of the 

experiment.  Leaf buffering helps maintain temperatures within a "safe" range for eggs – 

the dotted line at 40°C represent the maximum daily temperature at which 100% of eggs 

survived (see below). 

 

Temperature, survival, and development rate of eggs 

Gradient-bar temperatures were cycled to mimic D. wrightii leaf temperatures in the 

field.  Although each treatment experienced fluctuating temperatures throughout egg 
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development, we refer to each treatment here by its peak daily temperature, which was 

held for 3 h each day (Fig. 3A; 12 treatments; N = 8 eggs per treatment).  Hatching 

success was 100% for treatments up to 40°C, 62.5% for 41.5°C, and 0% for 43°C and 

above (Fig. 3B).  Temperature also had a strong effect on time to hatching. Eggs at 

35.5°C had the shortest time to hatching (average 90 h), and eggs at warmer and cooler 

temperatures had longer development times (up to 130 h).  The best-fit equation for egg 

development time was a 2nd-order polynomial (R2 = 0.75; Fig. 3C).   

 

Effects of heat shock on egg survival 

The hottest 2-h heat shock survived by eggs was 44°C, although only 75% of those eggs 

(6/8) hatched (Fig. 4).  No eggs hatched in the four hottest treatments (45-48°C).  Nearly 

100% of eggs successfully hatched at heat shocks below 44°C, with the exception of one 

dead embryo in the 42°C treatment.  Logistic regression gave an LD50 temperature of 

44.11 ± 0.24°C.  There were 4 infertile eggs, which were removed from the analysis, 

reducing the sample size for the 39, 41 and 43°C treatments to 6, 7 and 7, respectively.   

 

Egg respiration as a function of temperature 

As expected, one-day-old eggs had lower metabolic rates than three-day-old eggs (Fig. 

5).  The plateau phase of carbon dioxide emission [
2

COV& ] around 38°C represents the 

highest sustained metabolic flux rate possible.  Following that, 
2

COV& drops rapidly in the 

‘mortal fall’ phase; in adult insects, this stage is followed by cessation of spiracular 

control and voluntary motor control (Lighton and Turner 2004, Lighton 2007).  

Subsequently, 
2

COV&  rises to a ‘postmortal peak’  (possible causes are discussed by 

Lighton and Turner (2004)).  We analyzed the respiratory data by linear modeling (lm) of 

natural splines (ns) in R (v. 2.8.1; www.r-project.org).  The model call was: lm(
2

COV& ~ 

ns(Temperature, df = 10) + Age + Age/Batch + ns(Temperature, df = 10):Age), where the 

first term accounts for the overall effects of temperature across egg ages, the second term 

for the effect of egg age across temperatures, the third for batches within ages, and the 
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fourth for interactions between temperature and age.  All terms were highly significant 

(Table 2), including the interaction between temperature and egg age.  This interaction 

indicates that metabolic traces of one-day-old eggs were significantly right-shifted; i.e., 

younger eggs were slightly more thermotolerant.  

 

Discussion 

Our results show that egg survival is facilitated by the limited homeothermy of host 

plants: Datura wrightii leaves buffer Manduca sexta eggs from fatally high ambient 

temperatures in the southwestern USA.  Moreover, small differences in temperature 

profiles among leaves can cause large variation in egg metabolic rate and development 

time.  Many D. wrightii leaves, particularly large ones, have daytime temperatures that 

are stressfully high for eggs. 

 

Egg fitness is a function of both survival and development time.  Survival declines 

dramatically when daytime temperatures exceed 40°C, and the severity of the decline 

depends on time of exposure.  M. sexta eggs from a laboratory population held at 

constant temperatures failed to hatch above 32°C (Woods and Bonnecaze 2006).  In our 

study, while all M. sexta eggs survived a single 2-h heat shock of 43°C (Fig. 4), no eggs 

survived daily 43°C exposure when subjected to cyclical temperatures mimicking those 

on leaves (Fig. 3).  Even for surviving eggs, however, small differences in mid-day 

temperature caused large variation in development times (up to 50% longer; range: 3.75-

5.5 days).  Eggs developed fastest when midday temperatures reached ~35°C (Fig. 3), 

which corresponds closely to the highest rates of CO2 emission, around 38°C.  Although 

we did not show it in our experiments, long development times may translate into 

enormous costs in nature; in M. sexta, ~20-45% of mortality on D. wrightii occurs in the 

egg stage from egg predators and parasitoids (Mira and Bernays 2002).  Therefore, even 

small changes in mid-day temperature should affect egg interactions with these threats.  

 

Microclimate buffering 
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Our leaf temperature data support the microclimatic buffering hypothesis; leaf 

temperatures were usually cooler than ambient, especially during the hottest part of the 

day.  Interestingly, although both size classes protect eggs, larger leaves were 

consistently warmer during the day than their matched small leaves.  Indeed, only small 

leaves show limited homeothermy as defined by Mahan and Upchurch (1988).  This 

pattern likely reflects differences in the physiology and morphology of smaller D. 

wrightii leaves, which have higher transpiration rates during the day than large leaves (G. 

Barron-Gafford, unpublished) and higher boundary layer conductance (Jones 1992).  

Smith (1978) surveyed leaf temperatures at solar noon and found that several large-

leaved desert species, including D. wrightii (previously D. metaloides), had low leaf 

temperatures coupled with high transpiration rates, in addition to correspondingly low 

temperatures for maximum photosynthesis.  D. wrightii’s deep tap root may provide 

sufficient water for high transpiration even in Arizona’s dry climate; indeed, each plant 

opens as many as 100 nectar-filled (~65 µl) flowers each night (Raguso et al. 2003).  In 

D. wrightii, >90% maximum photosynthesis occurs when leaf temperatures are between 

27.5 to 35.5°C (Smith 1978).  Our study shows that small leaves can stay within this 

range nearly all of the time (Fig. 2); large leaves are less able to cool themselves at high 

temperatures.   

 

 Studies of limited homeothermy have focused on the costs of shutting down 

photosynthesis and cellular function during the day, and the potential adaptive value of 

evaporative cooling for leaves.  Our study reveals a counter consideration: a plant’s costs 

of shutting down photosynthesis may be outweighed by the benefit of killing its 

herbivores’ eggs.  Herbivory by insects can lower plant reproductive success by reducing 

both the attractiveness of plants to pollinators, and the resources available for nectar, 

seed, and fruit production (Lehtilä and Strauss 1997, Mothershead and Marquis 2000).  

For example, a single M. sexta larvae can process up to 3000 cm2 of leaves (Madden and 

Chamberlin 1945, Jones and Thurston 1970) and can defoliate its host by the time it 

pupates.  The plant strategy of making microclimates less suitable for herbivore 
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development, even at a cost to a plant’s own growth, may be favored in areas of heavy 

herbivory.  The consequences of limited homeothermy will be greatest when there are 

few natural enemies of the eggs.  Indeed, some plant species show a ‘hypersensitive 

response’ to oviposition.  When eggs are deposited onto their leaves, the tissue around the 

egg rapidly turns necrotic and in some cases falls off (Shapiro and DeVay 1987, 

Balbyshev and Lorenzen 1997).  Because it no longer transpires, the necrotic tissue can 

get hot enough to kill the egg. 

 

Thermal ecology of M. sexta eggs  

Species persist only when all life stages succeed, so processes in any individual stage 

may shape a species’ overall ecology.  For eggs, thermal tolerance may determine 

latitudinal and altitudinal patterns of egg performance, overall distribution and abundance 

of species, and oviposition decisions by females.   

 

 Where females choose to oviposit should be under strong selection, as egg 

microhabitat determines embryo performance.  First, there is temperature variation 

among leaves; second, the variation is predictable from leaf size; third, leaf temperatures 

are high enough to be dangerous under some circumstances.  Similar to leaf miners in sun 

versus shade leaves (Pincebourde and Casas 2006, Pincebourde et al. 2007), M. sexta 

females face a tradeoff between having their eggs develop rapidly and minimizing the 

chance of overheating.  To avoid thermal extremes, females could modify oviposition 

timing or location: i.e., lay eggs during optimal seasons or in optimal sites.  In particular, 

females should prefer to oviposit on smaller leaves.  From a purely thermal perspective, 

small leaves should maximize the chance of egg survival in hot environments.  Finally, 

while longer development is generally predicted to increase mortality due to predators 

and parasitoids, how temperature affects egg-parasite interactions is still unknown.  If 

parasitoids have lower thermotolerance than the embryo itself, hotter eggs may have a 

survival advantage even if development time is extended (Thomas and Blanford 2003).  

Alternatively, high temperature may disrupt the transcription of immune genes that help 
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eggs defend against parasitoids (Abdel-latief and Hilker 2008).  Future work will 

evaluate female oviposition decisions in light of these results.  

 

Implications for insects and climate change 

As global temperatures and the frequency of extreme weather events increase (Meehl et 

al. 2007), changes in insect phenology, physiology, behavior, and range are occurring 

(Parmesan 1996, 2001, Walther et al. 2002, Parmesan 2006).  In particular, in the 

northern hemisphere the northern range of many insects has expanded, without a 

corresponding contraction of the southern border (Parmesan et al. 1999).  This implies 

that conditions in the north are no longer too cool, while conditions in the south have not 

warmed too much.  ‘Limited homeothermy’ of plant leaves may partially explain these 

results.  Specifically, leaf buffering is asymmetrical; it depresses hot temperatures but 

doesn’t raise low temperatures (Mahan and Upchurch 1988, Upchurch and Mahan 1988).  

Thus, leaves may filter unsuitably-hot macroenvironments into still-reasonable 

microenvironments, providing refuge from increasing ambient temperatures.  Our data on 

thermal interactions between M. sexta and D. wrightii are the first mechanistic 

demonstration of how this kind of thermal refuge can interact with egg physiology.  
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Table 1. ANOVA summary statistics for the effects of leaf size and ambient temperature 

(Tair) on leaf temperature.  Small leaves show a non-linear relationship between air and 

leaf temperature whereas large leaves do not. 

 
 
  d.f. SS F P 
(A) All leaves     
Leaf size 1 22.3 51.65 <0.0001 
Tair 1 5555.4 12851.83 <0.0001 
Tair

2 1 1.1 2.59 0.109 
Leaf size x Tair 1 28.5 65.91 <0.0001 
Leaf size x Tair

2 1 2.1 4.91 0.028 
Residuals 188 81.3   
(B) Large leaves     
Tair 1 3189.9 10502.57 <0.0001 
Tair

2 1 0.1 0.2606 0.611 
Residuals 94 28.5   
(C) Small leaves     
Tair 1 2394.1 4268.97 <0.0001 
Tair

2 1 3.2 5.637 0.020 
Residuals 94 52.7     
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Table 2. ANOVA summary of egg metabolic rates.  Data were modeled in R (v. 2.8.1) 

using the natural spline function with 10 degrees of freedom. 

 

Source df SS F P 

Spline(Temperature, df = 10) 10 1786 64.2 <0.0001 

Age 1 374 134.5 <0.0001 

Batch within Age 6 353 21.2 <0.0001 

Spline ×Age 10 120 4.3 <0.0001 

Residuals 84 234     
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Figure 1. (A) Gray traces (N = 18) show temperatures under Datura wrightii leaves in 

Tucson, AZ, USA (Sept, 2007).  The green line is ambient temperature, measured 50 cm 

above the ground.  Orange and blue lines represent mean temperature for large and small 

leaves, respectively (N = 9 each).  Leaves were selected as pairs of adjacent leaves, one 

small (4-5 cm in length) and one large (10-12 cm), as equal as possible in other 

measurements (e.g., height, orientation, shading, color).  Temperature measurements 

were taken every minute and averaged over 10-min blocks.  (B) Mean difference between 

adjacent pairs of small and large leaves (N = 9).  
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Figure 2. Datura wrightii leaf temperatures vs. ambient temperature in Tucson, AZ, USA 

(Sept, 2007).  Each point represents an hourly mean of leaf temperatures from nine small 

leaves (4-5 cm in length; black triangles) or nine large leaves (10-12 cm in length; gray 

circles) vs. hourly mean ambient temperature.  Broken lines at 35 and 40°C represent the 

optimal midday temperature for Manduca sexta egg development, and the threshold daily 

temperature above which eggs have reduced survival, respectively.  Leaf buffering, 

particularly by small leaves, helps keep eggs within a "safe" temperature range. 
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Figure 3. (A) Twelve temperature treatments for thermal gradient bar experiment.  Each 

line represents one treatment (N = 8 eggs each), such that eggs in the coolest treatment 

experienced fluctuating temperatures with a daily maximum of 29.5°C (bottom line), and 

eggs in the hottest treatment experienced fluctuating temperatures with a daily peak of 

46°C (top line).  (B,C) Development time and percent survival for eggs in each of the 12 

temperature treatments (labeled by their daily maximum temperature). The curved line 

shows the best-fit polynomial for egg development time (R2 = 0.75; y = 0.52x2 - 35.4x + 

703). 
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Figure 4. Percent hatching success for eggs that experienced 2-h heat shocks of different 

temperatures (N = 6-8 per treatment).  The upper 95% CI for the data points at 42 and 

44°C includes 100%.  Eggs were held at 24°C for all of development, with the exception 

of the heat shock on day 3.  The LD50 (± 95% CI) at 44.11°C is indicated by a gray 

circle.  
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Figure 5. CO2 emission by 1- and 3-day-old eggs (blue and orange lines, respectively) 

over increasing temperatures (2°C every 10-12 min).  N = 8 total traces, 10-15 eggs each.  

Matching symbols denote paired egg batches, and the black line represents the mean of 

all traces.  Metabolism of older eggs was higher than that of younger eggs, and CO2 

emission of both groups peaked near 38°C (arrow) and declined at higher temperatures. 
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Abstract 

1. An organism’s environment, particularly early in development, can profoundly shape 

its future phenotype.  While the long-term consequences of embryonic temperature 

are well studied in vertebrates, insects have complex life cycles that may uncouple 

temperature’s effects in one stage from physiology in the next. 

2. This study examines how egg temperature affects insect performance across all 

subsequent life stages.  We focused on the hawkmoth, Manduca sexta, and examined 

how egg temperatures affected hatching time, hatchling mass, larval growth, 

development time, head capsule size, pupal mass and adult fecundity.  Eggs were 

exposed to either diurnal temperature cycles or a single heat shock; in both 

experiments, temperatures were within the range to which eggs are typically exposed 

in the field. 

3. Although the consequences of egg temperature varied depending on the type of stress, 

both cycling temperatures and heat shock affected egg development time and initial 

larval growth rate, which likely have fitness consequences for M. sexta in nature.  In 

contrast, egg temperature had no persistent effect on any trait measured in later larval 

stages, pupae, or adults. 

4. Organisms with complex life cycles such as holometabolous insects may benefit from 

rapid compensation for poor early conditions.  Additionally, the modularity of insect 

life cycles may help insects cope with environmental variability by insulating later 

stages from disturbances during embryogenesis.   

 

Keywords: complex life cycles, Datura wrightii, embryonic temperature, growth rate, 

head capsules, heat shock, life history stages, metamorphosis, phenotypic plasticity 
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Introduction 

 Environmental context plays a crucial role in the development of all organisms.  

Phenotypes emerge from complex interactions between genes and environment (Gilbert 

and Epel 2008, Monaghan 2008), and generally, the earlier an environmental disturbance, 

the stronger its long-term effects (Lindström 1999).  A poor early environment may 

prompt compensatory responses later in life (Metcalfe and Monaghan 2001), or it may 

induce lasting phenotypic change.  Here we focus on phenotypic plasticity induced by 

embryonic temperature.  At an extreme, egg temperature determines life history 

trajectory, as in reptiles with temperature-dependent sex determination (Bull 1980).  Egg 

temperature also can affect subsequent growth rate (Hare et al. 2009), behavior  (Flores et 

al. 1994), muscle phenotype (Macqueen et al. 2008), bone morphology (Hammond et al. 

2007), immune function (Ardia et al. 2010) and fecundity (Callebaut 1991). 

 

 All of these examples are from vertebrates in which adults develop incrementally 

from fetuses.  By contrast, insect life cycles are more disjunct, progressing across 

multiple life stages and (in holometabolous species) culminating in metamorphosis.  Life-

cycle modularity may allow insects to uncouple environmental disturbance in one stage 

from physiology in the next.  For example, in birds, egg temperature directly affects the 

formation of ovaries (Callebaut 1991); in insects, however, reproductive organs do not 

develop until metamorphosis.  Furthermore, insects may uniquely benefit from 

compensatory growth after a poor egg environment.  Unlike an organism that grows 

incrementally, an insect’s size at a precise point—metamorphosis—disproportionately 

influences its future survival and fecundity (Taylor et al. 1998).  Rapid compensation 

after an early stress may eliminate the cost of reaching this key transition at a suboptimal 

size.  Although larval temperature clearly influences development (e.g., Qayyum and 

Zalucki 1987, Crill et al. 1996, Pritchard et al. 1996, Gillooly and Dodson 2000, 

Steigenga and Fischer 2009), the consequences of embryonic environment for later stages 

have rarely been addressed.  Yet, while larvae can thermoregulate in nature (Casey 1976, 

Capinera et al. 1980, Ute et al. 2005), eggs are exposed to temperatures that are entirely 
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out of their control.  This represents the first study, to our knowledge, of how egg 

temperature affects insect performance across all subsequent life stages. 

  

 Egg temperature could affect organismal performance in multiple ways.  Here we 

organize them into three categories of developmental plasticity that persist for different 

durations.  First, egg temperature may cause long-term shifts in form and function 

through adulthood.  Ovaries of birds (Callebaut 1991), sex of reptiles (Bull 1980), and 

muscle fibers of fish (Macqueen et al. 2008) illustrate this type of persistent “legacy” 

effect.  Second, egg temperature may cause shorter-term shifts in form and function that 

appear only in the adjacent, larval, stages.  For example, larvae that hatch from warmer 

eggs may have lower protein:lipid ratios (Geister et al. 2009) or up-regulated levels of 

heat shock proteins.  These larval effects are similar in kind to legacy effects, but persist 

for less of the subsequent life cycle.  They also include compensatory responses that 

mitigate the effects of poor early conditions.  Finally, egg temperature may have only 

embryonic effects—direct effects on embryo survival, hatching mass, and time to 

hatching—but no longer-term effects.  Differences in these variables may affect fitness, 

e.g., by extending development time, even if larvae have the same mass-corrected growth 

after hatching. 

 

 In this study, we asked: what traits does egg temperature affect, and over what time 

scales do those effects persist?  We focused on traits that are typically central to fitness: 

size, development time, growth rate, and potential fecundity.  We used Manduca sexta 

(Lepidoptera: Sphingidae), a hawkmoth that ranges over much of North and South 

America, and is therefore subject to a wide range of temperatures during development.  

Females lay eggs singly under host plant leaves (Madden and Chamberlin 1945).  A 

previous study examined the temperatures to which M. sexta eggs are exposed in 

southeastern Arizona (Potter et al. 2009).  Nighttime temperatures are similar leaf to leaf, 

but peak daytime temperatures of individual leaves span ~15 °C and reach temperatures 

that are stressfully high for eggs.  Here we conducted two experiments in which eggs 
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were subjected to (1) natural, diurnal temperature cycles based on the results of Potter et 

al. (2009), or (2) short-term, ecologically relevant heat shocks.  We examined how egg 

temperatures affected hatching time, hatching mass, larval growth, development time, 

pupal mass, head capsule size, and adult fecundity.   

 

 

Materials and methods 

 In the southwestern USA, Manduca sexta L. (Lepidoptera: Sphingidae) is active 

from July to September, during the monsoon season (Riffell et al. 2008).  In 2008 and 

2009, we collected wild M. sexta eggs and larvae from its primary host plant, Datura 

wrightii R. (Solanaceae), around Tucson, Arizona, USA.  Females attach eggs singly to 

the lower surface of host leaves; eggs hatch after ~4 days, and larvae typically develop 

through 5, or sometimes 6, instars (Kingsolver 2007).  We reared larvae on cut leaves of 

D. wrightii.  When larvae began their stereotyped wandering behavior, indicating 

readiness to pupate, we transferred them to individual cups of potting soil for pupation.  

Moths emerged in a 2×2×2 m flight cage and had access to potted D. wrightii for 

oviposition and to sugar water and Datura nectar for food.  Eggs laid by these moths 

were used for all experiments.  We reared over 300 wild moths each year, and there were 

up to 48 moths in the flight cage at a time. 

 

Experiment 1: Natural temperature cycles 

 Multiple moths were allowed to oviposit for 3 h (20:30–23:30).  Eggs were 

collected and placed randomly into 4 rows of an aluminum thermal gradient bar (for 

details, see Woods and Bonnecaze 2006).  Temperature gradients in the bar were set by 

circulating controlled-temperature water through chambers in each end.  Bath 

temperatures were set to mimic the daily temperature cycles of D. wrightii leaves in 

Tucson, AZ (Potter et al. 2009).  Gradient bar conditions were set as close as possible to 

those used by Potter et al. (2009).  During the night, all rows dropped to ~25 °C.  During 

the day, temperatures were ramped up slowly such that the rows reached peak 
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temperatures of 31, 34, 37 or 40 °C for 3 h, then ramped back down (Fig. 1A).  Copper–

constantan thermocouples were placed in each row, and temperature was logged every 10 

min.  Two hours before expected hatch time (estimated from previous experiments), the 

eggs were removed from the bar and glued onto D. wrightii leaf cuttings.  We used 

Elmer’s Mucilage glue, which we found to have no effect on egg hatching.  Larvae were 

kept in a growth chamber on a 16L:8D cycle, cycling between 30 and 20 °C.  Leaves 

were replaced and watered as needed.  For the final 2 instars, larvae were moved to 

individual cups or large bins; leaves were changed twice daily.  

 

 The entire experiment was repeated twice.  In the first replicate (Sept 2008, N=28) 

we followed individual larvae through the 4th instar.  We measured 24-hr growth rate 

during the first instar; larval mass 6, 13 and 15 days post-oviposition; and first instar head 

capsule width.  The experiment was repeated and expanded in Sept 2009.  One subset of 

eggs (N=15) was placed under a webcam, to record hatch times using time-lapse video 

software (Flix v3.3; www.nimisis.com/flix).  A second subset (N=13) was frozen 

immediately after hatching, dried at 55 °C for 24 h, and weighed to determine hatchling 

dry mass.   The remaining eggs (N=35) were glued on plants and reared to adulthood.  

We measured head capsule width for all instars, larval mass at 10, 17 and 18 days post-

oviposition, wandering day, pupal mass, and female mass and egg load.  Methods for 

specific measurements are described below.  Results from 2008 and 2009 were 

qualitatively similar; here we give statistics for 2009 data, except for measurements that 

were only collected in 2008. 

 

Experiment 2: Heat shock 

 Eggs were collected after 1 h of oviposition and kept at room temperature (~23 °C). 

Three days later, eggs were separated into two groups and given a 2-h heat shock of 37 or 

43 °C.  Wild eggs under Datura leaves may reach 45 °C, and 100% of eggs survive a 2-h 

exposure to 43 °C (Potter et al. 2009).  After 2 h, the eggs were returned to room 

temperature for the rest of development.  Approximately 4 h before hatching, the eggs 
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were glued with Elmer’s Mucilage glue onto D. wrightii leaves.  Larvae and leaves were 

kept in a growth chamber on a 16L:8D cycle, cycling between 30 and 20 °C.  In 2008, we 

measured growth rate during the 1st instar, and larval mass 8 days post-oviposition 

(N=14-20). The experiment was repeated and expanded in Sept 2009.  One subset of eggs 

(N=30) was placed under a webcam, to record hatch times using time-lapse video 

software.  A second subset of eggs was checked every 15 min, and larvae were weighed 

upon hatching (N=27).  The remaining eggs were glued onto plants and reared to 

adulthood; we measured head capsule width for all instars, 1st instar growth rate, larval 

mass 6 and 14 days post-oviposition, wandering day, pupal mass, and mature egg load for 

females (N=16).  Methods for specific measurements are described below.  Results from 

2008 and 2009 were qualitatively similar; here we give statistics for 2009 data except for 

measurements that were only collected in 2008. 

 

Growth rate  

 We measured larval growth during the middle 24 h (the linear growth phase) of 

their first instar (Nijhout et al. 2006).  Eggs hatched over ~20 h, and the first instar lasts 

only ~2 days.  Hatching larvae were checked every 12 h in order to catch the linear phase.  

In experiment 1, we measured each larva’s initial weight 12 h after its first feeding 

(typified by obvious green in its gut), and again 24 h later.  In experiment 2, we measured 

each larva’s weight 12 h after all larvae had started feeding, and then again 4 h later.  In 

addition, we measured 24 h growth during the linear growth phase of the 5th instar in 

experiment 1.  For each measurement period, growth rate [(mass2 - mass1)/hours] was 

compared for larvae from different egg treatments. 

 

Head capsules 

 A larva’s head capsule does not grow within an instar, and the mass of a larva 

when it molts determines the size of its next capsule (Nijhout 1975, 1981); thus, we 

measured capsule width as a proxy for body size at each molt.  When possible, we 

collected newly–shed head capsules from larvae immediately after they molted.  Head 
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capsules were photographed from above through a stereomicroscope (Nikon SMZ1500 

with DS-5M camera).  At each magnification used, we also photographed a stage 

micrometer so that other photos from the same magnification could be calibrated.  Head 

capsule width was measured at the widest part of the head using ImageJ (NIH software, 

Bethesda, Maryland, USA).  All capsules were oriented the same way, and measurements 

and analyses were performed blind.  Because some capsules were lost or damaged before 

collection, sample sizes varied across instar. 

 

Wandering day and pupal weight 

 When they are ready to pupate, M. sexta larvae begin a stereotyped wandering 

behavior.  Larvae were checked daily and upon wandering were moved to individual 9-oz 

cups with damp potting soil.  Pupae were held at ~23 °C and were weighed and sexed on 

day 10 post-wandering. 

 

Female potential fecundity 

 Female pupae from Experiments 1 and 2 were reared to eclosion.  26 days after 

wandering, pupae were transferred to individual paper bags and kept on a 16L:8D cycle.  

Bags were checked every 12 h, and moths were weighed upon eclosion.  Moths were 

returned to their bags for 72 h, weighed again, and then frozen.  Preliminary experiments 

on M. sexta from a laboratory colony showed that egg number reaches a maximum ~72 h 

post eclosion (Davidowitz, unpublished); females subsequently begin to resorb them.  We 

dissected their abdomens and counted mature (chorionated) eggs.  For experiment 1, 

moths were kept at 25 °C and ~20% RH.  For experiment 2, moths were kept at 25 °C 

and ~60% RH.  

 

 

Results 

Experiment 1: Natural temperature cycles 

 Although each treatment was given fluctuating temperatures throughout egg 
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development, for simplicity, we refer to each treatment by its peak daily temperature, 

which was held for 3 h each day (Fig. 1A; 4 treatments).  Consistent with Potter et al. 

(2009), temperature had a strong effect on egg development time.  Eggs kept at 34 and 37 

°C had the shortest time to hatching (average ~88 h), and eggs at warmer and cooler 

temperatures had longer development times (up to 105 h).  The best-fit equation for egg 

development time was a 2nd-order polynomial (Fig. 1B; N=15 each; R2=0.64).   

 

 Hatchlings from eggs exposed to higher temperatures had smaller dry mass (Fig. 

1C; N=10-13 each; P=0.015; R2=0.12) and smaller 1st instar head capsules (Fig. 2; N=15-

24 each; P<0.0001; R2=0.55).  The head capsule size difference persisted for the 

following 2 molts (P<0.001), but disappeared by the fourth instar (Fig. 5, 6).  A 

decreasing R2 with increasing larval stage shows that the influence of egg temperature on 

head capsule width decreased over time. 

 

 Egg temperature affected growth rate of larvae during their 1st instar (Fig. 3; N=22-

23 each; P=0.0002; R2=0.18); smaller hatchlings from eggs exposed to higher 

temperatures grew the slowest.  By the 5th instar, growth rates were equivalent (Table 

1A), however, mirroring the diminishing effect of egg temperature on head capsule size 

over time.  Because of the variation in hatch times and initial growth rates, a larva’s mass 

at any number of days post-oviposition was strongly determined by its egg temperature.  

The best-fit equation for all larval mass measurements (i.e., on days 6, 10, 13, 15, 17 & 

18) was a 2nd-order polynomial (always P<0.001); larvae from 40 °C eggs were always 

the smallest.  (See mass in the 3rd instar (measured on day 10) shown in Fig. 4A; 

P<0.0001; R2=0.20).  This was reflected in the total days from oviposition until 

wandering (beginning of pupation).  Larvae from warmer eggs wandered later than those 

in cooler treatments (Fig. 4B; N=28-33 each; P=0.01; R2=0.07).  There was no difference 

in final pupal mass or female egg load (eggs/g moth) (Table 1A). 

 

Experiment 2: Heat shock 
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 Here M. sexta were raised in a common garden for their entire development, except 

for 2 h during the egg stage.  Eggs received a 2-h heat shock of either 37 or 43 °C.  This 

short temperature difference was enough to delay hatching in the warmer group by 4.3 h 

(Fig. 7A; 37 °C mean: 92.7 ± 0.59 h; 43 °C mean: 97.0 ± 0.50 h; N=30 each; P<0.0001).  

While egg temperature did not affect hatchling mass (Fig. 7B; N=27 each; P=0.53), the 2 

groups differed in their growth rate (Fig 7C; N=16; P=0.0024).  The slower growth rate 

of the 43 °C group magnified their ~4 h delay in hatching, so that larvae from the warmer 

eggs were smaller at every mass measurement (e.g., Fig. 7D, E; N=16; P<0.01 or 0.0001) 

and they wandered 1.2 days later than the 37 °C group (Fig 7F; N=16 each; P<0.01).  

Pupal mass and eggs/g moth did not differ between treatments (Table 1B).  In contrast to 

Experiment 1, a 2-h egg heat shock did not affect initial head capsule size.  Head capsule 

width was the same between treatments for all instars, with the exception of the 2nd instar 

(Fig. 8, 9).   

 

 

Discussion 

 In insects, temperature-driven plasticity is ubiquitous (Ananthakrishnan and 

Whitman 2005, Whitman and Ananthakrishnan 2009), and cross-stage effects are well 

known.  For example, many studies now demonstrate that exposure to different 

temperatures during the larval stage can influence adult phenotype (Crill et al. 1996, 

Imasheva et al. 1997, Roberts and Feder 1999, Birkemoe and Leinaas 2000, Davidowitz 

et al. 2004).  Our study goes back further in development to ask whether thermal 

experience in the earliest life-history stage—the egg stage—induces plasticity and, if so, 

how far into the rest of the life cycle that plasticity persists. 

 

 We subjected eggs of Manduca sexta either to natural, diurnal temperature cycles, 

or to ecologically-relevant heat shocks, and then reared them in a common garden after 

hatching.  In both experiments, slight differences in egg temperature affected 

development time (and, presumably, fitness; see below).  Egg temperature had strong 
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effects on embryos and early larval instars.  However, temperature’s effects rapidly faded 

in later instars and, except for differences in the timing of pupation, were entirely absent 

from pupal and adult stages. 

 

Cycling temperatures vs. heat shock 

 Both temperature manipulations (cycling and heat shock) affected embryo 

development time.  The two experiments differed, however, in the pattern and timing of 

temperature’s other effects.  For eggs in cycling temperatures, effects were pronounced in 

hatchlings (mass, head capsule size and growth rate; Fig. 1C, 2, 3) but had disappeared 

by the 4th instar.  For shocked eggs, effects were minimal in hatchlings (growth rate, Fig. 

7C), relatively large in the second instar (head capsule size, and presumably mass, see 

below; Fig. 9), and gone in subsequent instars.  Both patterns can be explained by the 

timing of larval molts.  In Manduca, head capsules do not grow within an instar, and the 

mass of a larva when it molts determines the size of its next head capsule (Nijhout 1975, 

1981).  In the cycling temperature experiment, larvae from eggs kept at warmer 

temperatures must have reached a higher mass relative to their head width before 

committing to molt.  Furthermore, because they also grew more slowly, they presumably 

grew for longer periods before committing to their first 3 molts.  In this way, larvae from 

the 4 treatments converged in head capsule size.  In contrast, a short heat shock late in the 

egg stage did not affect the already-formed 1st instar head or body, in the way that cycling 

temperatures did.  Rather, a 43 °C shock resulted in stressed hatchlings that grew slower, 

molted at smaller sizes, and subsequently formed smaller head capsules during the 1st-to-

2nd instar molt.   

   

 Among ectotherms, low developmental temperature often results in slower growth, 

longer development time, and larger adult size.  The relationship between low 

developmental temperature and large adult size is known as the temperature-size rule 

(TSR) (Atkinson 1994, Sibly and Atkinson 1994, Angilletta and Dunham 2003).  Recent 

studies, including ours, suggest that the mechanisms underlying the TSR apply to the egg 
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stage as well: hatchlings are larger in cooler temperatures (e.g., Geister et al. 2009).  This 

consistent pattern of phenotypic plasticity may be a result of adaptation to different 

thermal environments (Fischer et al. 2003), or an unavoidable consequence of a 

temperature effect during development (reviewed in Chown and Gaston 2010).  While 

the underlying mechanisms or the potential adaptive significance are still unresolved 

(Fox and Czesak 2000, Steigenga and Fischer 2007), a prominent explanation is the 

biophysical model by van der Have and de Jong (1996) (see also Ernsting and Isaaks 

1997, Ernsting and Isaaks 2000, Walters and Hassall 2006).  According to their model, 

cells divide more rapidly at higher temperatures, while cellular growth increases less 

rapidly.  An intriguing question for future investigation, therefore, is whether M. sexta 

hatchlings from warmer eggs are small because they have smaller cells. 

 

Cross-stage consequences 

 Long-term effects of embryonic temperature are well known and frequently 

observed in birds, reptiles, mammals and fish.  Why were they so modest here?  One 

possibility is that insects, more than other studied organisms, are better able to tolerate 

environmental insults during the egg stage.  Unlike many vertebrates, most insect 

embryos receive little to no protection from the environment via parental care.  The 

temperature of insect oviposition sites can vary tremendously, both within the life of an 

individual egg (Roberts and Feder 1999, Gibbs et al. 2003, Potter et al. 2009) and 

between generations (Roy and Thomas 2003).  In addition, insect eggs are small and, for 

terrestrial insects, often deposited in exposed habitats; both attributes maximize the 

potential to experience rapid changes in temperature. This hypothesis predicts a 

correlation between degree of parental care and offspring growth physiology, and, in fact, 

some data do indicate this.  For example, eggs that do not rely on parental protection have 

accelerated cell division (Hamdoun and Epel 2007), allowing them to more quickly reach 

a stage at which they can respond to their environment. 

 

 After hatching, complex life cycles may allow insects to mitigate the consequences 
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of temperature by uncoupling its physiological effects from one life stage to the next.  A 

key difference between insects and most other taxa studied is that insects’ life stages are 

punctuated by periods of time (molts) in which the insect ceases other activities and 

focuses, physiologically speaking, on expanding and rebuilding.  Compared to the 

incremental development of most vertebrates, insects’ modular developmental trajectory 

may allow more radical isolation of disturbance in one stage from physiology in the next.  

For example, while a vertebrate’s skeleton is built on a foundation that is formed during 

embryogenesis, an insect’s exoskeleton is reconstructed at every molt.  This hypothesis is 

also suggested for the lack of relationship between early stressors and adult fluctuating 

asymmetry, a commonly used indicator of stress.  Particularly in organisms with complex 

life cycles, an early larval stress often does not predict fluctuating asymmetry in the adult 

stage (Floate and Fox 2000, Servia et al. 2002, Piscart et al. 2005, Dongen 2006, 

Campero et al. 2008).  Of course, it is possible that egg temperature affects variables that 

we did not measure but that are important in nature (e.g., memory: Jones et al. 2005). 

 

 For animals with modular development, rapid compensation for poor early 

conditions may be particularly beneficial.  An insect’s survival and fecundity depends 

strongly on its body size at a precise point: the beginning of the transition from larva to 

adult (Taylor et al. 1998).  For organisms that grow incrementally, that limitation does 

not exist.  Here, small M. sexta hatchlings fully compensated for the effects of suboptimal 

egg conditions by lengthening their first few instars.  The benefits of catching up, 

particularly by the 5th instar, are large: a larva’s mass at the molt to 5th instar determines 

its maximum potential pupal mass (Nijhout et al. 2006), which in turn is strongly 

correlated with potential fecundity (Davidowitz, unpublished).  Similar compensatory 

growth has also been observed in other metamorphosing taxa: temperature-related 

delayed hatching in frogs triggers faster growth in larvae and juveniles, resulting in 

nearly total compensation for embryonic temperature effects (Orizaola et al. 2010).  In 

frogs, fitness increases with both earlier metamorphosis and larger size at metamorphosis 

(Altwegg and Reyer 2003), and indeed, they compensate in this way. 
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 While compensatory growth has clear benefits, it is often associated with cellular or 

ecological costs (Metcalfe and Monaghan 2001).  Here, compensation occurred by 

lengthening, not speeding, growth; indeed, smaller larvae grew more slowly.  Cellular 

costs are therefore unlikely, and compensation had no impact on egg production, a direct 

measure of fecundity.  The obvious cost is a subtle increase in time exposed to predators 

and parasitoids (Bernays 1997, Mira and Bernays 2002).  In nature, these smaller 

hatchlings may be able to catch up more quickly by seeking out warmer leaves.  While 

larvae in our study were reared in a relatively uniform laboratory environment, larvae in 

nature can thermoregulate by moving between substantially different microclimates 

within a plant (Casey 1976, Capinera et al. 1980, Ute et al. 2005).  In turtles, hatchlings 

from suboptimal egg environments may increase their growth rate by spending more time 

in warmer areas (O'Steen 1998).  Regardless of any post-hatching activities, however, 

egg temperature still could affect fitness in nature.  Eggs are highly vulnerable to 

predation: for M. sexta, typically 20–45% (but up to 70% in some areas) of mortality is 

egg related (Mira and Bernays 2002).  Therefore, prolonged egg development, even by 

part of a day, may increase risk. 

 

 In conclusion, our experiments using M. sexta demonstrate that ecologically-

relevant egg temperatures induce phenotypic plasticity in multiple, performance-related 

traits.  The effects are strong on embryos and early larval instars, but disappear rapidly in 

absence of temperature differences during subsequent life stages.  Compensatory growth 

and uncoupled life stages may help insects cope with environmental variability and 

reduce the effects of early thermal stress in subsequent stages. 
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Table 1.  Regression analysis of egg temperature versus each variable from (A) 

Experiment 1 and (B) Experiment 2.  In Experiment 1, Manduca sexta eggs were exposed 

to natural temperature cycles mimicking those of natural host plants, and larvae were 

reared in a common garden after hatching.  In Experiment 2, M. sexta were reared in a 

common garden, except for a 2-h heat shock during the egg stage. 
 

Variable   d.f. SS F P R2 

(A) Cycling egg temperature       

5th instar growth rate Regression 1 405.4 .64 0.43 0.01 

 Error 66 42075    

 Total 67 42481    

Pupal mass Regression 1 0.261 0.63 0.43 0.01 

 Error 115 47.34    

 Total 116 47.60    

Eggs/g moth Regression 1 20.2 0.14 0.71 0.00 

 Error 43 6185.4    

  Total 44 6205.6       

(B) Egg heat shock       

Pupal mass Regression 1 0.327 0.45 0.51 0.01 

 Error 30 21.87    

 Total 31 22.19    

Eggs/g moth Regression 1 5.967 0.02 0.88 0.00 

 Error 13 3142.4    

  Total 14 3148.4       
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Figure 1.  (A) Four temperature treatments for the natural temperature cycle experiment.  

Each line represents one treatment, such that eggs in the coolest treatment experienced 

fluctuating temperatures with a daily maximum of 31 °C (bottom line), and eggs in the 

hottest treatment experienced fluctuating temperatures with a daily peak of 40 °C (top 

line). (B) Development time (mean ± SE) for eggs in each of the 4 temperature treatments 

(N=15 each; labeled by their daily maximum temperature). The curved line shows the 

best-fit polynomial for egg development time (R2=0.64; y=0.39x2 – 27.6x + 570).  (C) 

Dry mass of neonates in each of the 4 temperature treatments (mean ± SE; N=10-13 

each).  Larvae were frozen upon hatching and dried at 55 °C for 24 hrs.  (P=0.015; 

R2=0.12; y = -0.0013x + 0.27). 
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Figure 2.  Head capsule width for first instar Manduca sexta larva reared at different egg 

temperatures.  Eggs were kept at fluctuating temperatures with a daily maximum at 31, 

34, 37 or 40 °C.  (mean ± SE; N=15-24 each; P<0.0001; R2=0.61; y = -0.0009x2 + 0.056x 

- 0.02).  
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Figure 3.  Larval growth rate during the linear growth phase of the first instar (mean ± 

SE; N=22-23 each; P=0.0002; R2=0.18; y = -0.025x2 + 1.72x - 25.5). 

     31         34         37          40 



 76 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  (A) Larval mass during the 3rd instar, 10 d after oviposition. Larvae were given 

4 cyclical temperature treatments during the egg stage (x-axis is daily maximum egg 

temperature), and were reared in a common garden after hatching (mean ± SE; N=18-24 

each; P<0.0001; R2=0.20; y = -0.0022x2 + 0.15x – 2.5).  (B) Mean days from oviposition 

until wandering (beginning of pupation) ± SE (N=28-33 each). 
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Figure 5.  Log head capsule width for Manduca sexta larvae raised at different egg 

temperatures.  Larvae were given 4 cyclical temperature treatments during the egg stage 

(31, 34, 37 or 40 °C maximum daily temperature), and were reared in a common garden 

after hatching.  S.E. bars are covered by the line in all cases.  Stars denote significance at 

the 0.001 or 0.0001 level; n.s. = not significant.   
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Figure 6.  R2 of (egg temperature vs. head capsule width) for each instar.  The decreasing 

R2 shows that head capsule width is less explained by egg temperature over time.  Stars 

denote significance (for egg temperature vs. head capsule width) at the 0.001 or 0.0001 

level; n.s. = not significant.  
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Figure 7.  Data for Manduca sexta reared in a common garden except for a single 2-h 

heat shock of 37 or 43 °C during the egg stage.  All points are mean ± SE.  (A) 

Development time for eggs (oviposition until hatch). The hotter heat shock delayed 

hatching by 4.3 h (37 °C mean: 92.7 ± 0.59 h; 43 °C mean: 97.0 ± 0.50 h; N=30 each; 

P<0.0001).  (B) Mass of M. sexta hatchlings.  Hatchling mass did not differ between 

treatments (N=27 each; P=0.53).  (C) Larval growth rate during the linear growth phase 

of the first instar (N=16 each; P=0.0024).  (D) Larval mass during the 1st instar, 6 d (136 

h) after oviposition. N=16 each; P<0.0001.  (E) Larval mass during the 4th instar, 14 d 

(327 h) after oviposition.  N=16 each; P<0.01.  (F) Days from oviposition until 

wandering (beginning of pupation). The hotter heat shock delayed wandering by an 

average of 1.2 days (37 °C mean: 20.1 ± 0.25 d; 43 °C mean: 21.3 ± 0.25 d; N=16 each; 

P<0.01).  
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Figure 8.  Log head capsule width vs. instar for larvae from eggs that received a 2-h heat 

shock of 37 or 43 °C on day 3 of development.  Eggs and larvae were reared in a 

common garden except for the 2-h egg heat shock.  S.E. bars are covered by the lines in 

all cases.  Stars denote significance at the 0.001 level.  
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Figure 9.  R2 of (egg temperature vs. head capsule width) for each larval instar.  Manduca 

sexta were reared in a common garden except for a single 2-h heat shock of 37 or 43 °C 

during the egg stage.  Stars denote significance (for egg temperature vs. head capsule 

width) at the 0.001 level.  

 

 

 

 



 83 

 

 
 
 

 

 

 

 

 

APPENDIX C 

 
 

OASES FOR INSECTS?  LINKING HOST PLANT HUMIDITY TO EGG 

PERFORMANCE IN MANDUCA SEXTA 

 
  
  



 84 

 

 

 

 

 

 

Oases for insects?  Linking host plant humidity to egg performance in Manduca 

sexta 

 

K. A. Potter1, H. A. Woods2 

 

 

1 Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 

85721 USA  

2 Division of Biological Sciences, University of Montana, Missoula, MT 59812 USA 

 

 

 



 85 

Abstract 

 A primary physiological challenge for terrestrial insects is to conserve sufficient 

water.  This challenge may be exacerbated during the egg stage because eggs are laid 

with finite supplies of water.  Eggs deposited on plants experience microclimates that can 

vary considerably from the surrounding air, raising the possibility that leaf transpiration 

protect eggs from dry ambient conditions.  We examined this possibility using the 

hawkmoth, Manduca sexta, and asked: how humid are host leaf microenvironments and 

how do those humidities affect the performance of insect eggs?  Specifically, we (1) 

compared diurnal humidity cycles of leaves of M. sexta’s two main host plants, Datura 

wrightii and Proboscidea parviflora, (2) tested whether M. sexta eggs have different rates 

of water loss on each host plant, and (3) manipulated humidity in the laboratory to 

determine the effect of desiccation on embryo survival and development time.  The 

results to date show that M. sexta eggs are protected by plants from their dry 

environment, but are also quite robust in arid conditions.  Both hosts, and particularly P. 

parviflora, provided relatively cool, moist microclimates.  In laboratory conditions, 

however, desiccation had no effect on egg development time or survival. 

 

 

Keywords: Datura wrightii, desiccation, host plants, microclimate, oviposition, 

Proboscidea parviflora 
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Introduction 

 A primary physiological challenge for terrestrial insects is conserving sufficient 

water (Barton-Browne 1962, Willmer 1980, Hadley 1994).  This challenge is exacerbated 

during the egg stage.  Just as larvae and adults lose water through spiracles, eggs lose 

water through eggshell pores.  In contrast to later life stages, however, eggs are immobile 

and have comparatively enormous ratios of surface area to volume.  Together, these 

factors increase the risk of desiccation during the egg stage.  To cope, insects have 

evolved sophisticated responses for controlling egg water loss in response to 

environmental variation (Zrubek and Woods 2006, Woods 2010).  Additionally, females 

may oviposit in microhabitats that provide protection from desiccation. 

 

 One such microhabitat that may protect eggs is the surface of a leaf.  Because 

eggs are small, they are nearly always immersed within the boundary layers of their 

substrate (Woods 2010).  On a leaf, boundary-layer conditions reflect interactions 

between ambient environmental characteristics (e.g., humidity, air temperature, wind 

speed) and leaf morphology and physiology (e.g., leaf size, stomatal behavior, 

pubescence).  The microclimate immediately surrounding an egg may therefore differ 

substantially from the nearby macroclimate (Nobel 2005).  Indeed, leaves can protect 

eggs from stressfully high ambient temperatures (Potter et al. 2009); similarly, leaves 

may protect eggs from stressfully low ambient humidity.  Furthermore, because the 

humidity, or water vapor pressure, of a leaf boundary layer depends on the leaf’s 

morphology and transpiration rate, boundary layer humidity should vary diurnally, within 

a plant, among plants, and among plant species.   

 

 The importance of humidity for embryo survival has long been recognized (e.g., 

Mellanby 1935), and humidity affects oviposition rate in many species (Boudreaux 1958, 

Howe 1962).  However, we know much less about how humidity affects eggs themselves.  

Low humidity can be lethal for eggs, either by causing the death of the embryo, or by the 

shell becoming so hard that hatching is impossible (Buxton 1932, Simelane 2007).  
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Exposure to low humidity may also increase the duration of the egg stage (Buxton 1932, 

Delobel 1983).  Furthermore, the effects of temperature interact with those of humidity; 

e.g., low humidity may help eggs survive short heat shocks if they can cool themselves 

via evaporation.  Conversely, death may result from desiccation even when the 

temperature itself is not fatal.  Clearly, variation in humidity may shape egg morphology, 

embryo physiology, and insect oviposition preferences.  Interpreting these traits in such a 

context depends on understanding the humidities to which eggs are exposed in nature. 

 

 Here, we ask: how humid are leaf microenvironments, and how do these 

humidities affect the performance of insect embryos?  We use eggs of Manduca sexta 

(Lepidoptera: Sphingidae), a hawkmoth that is widely distributed across mesic and xeric 

environments.  We focus on a Chihuahuan Desert population in SE Arizona, USA, where 

1) desiccation threat should be relatively high, and 2) females oviposit on two host plants 

that differ in two traits, leaf size and presence of glandular trichomes, that may affect 

their leaf humidities.  Specifically, Manduca’s primary host, Datura wrightii 

(Solanaceae), has leaves that are relatively narrow and glandular-trichome-free, whereas 

Proboscidea parviflora (Martyniaceae) has larger leaves that are covered in glandular 

trichomes (Fig. 1).  In this study, we 1) measured diurnal humidity cycles of Datura and 

Proboscidea leaves, 2) tested whether M. sexta eggs have different rates of water loss on 

each host plant, and 3) manipulated humidity in the laboratory to determine the effect of 

desiccation on embryo survival and development time.  

 

 

Materials and methods  

 Manduca sexta Linnaeus (Lepidoptera: Sphingidae) ranges across much of North 

and South America; we studied a population in the Chihuahuan Desert near Portal, 

Arizona, USA.  Eggs are ~1 mm in diameter, and each egg is deposited singly under a 

host plant leaf (Madden and Chamberlin 1945).  In Arizona, Manduca oviposits 

throughout its active season (July to September) on sacred datura, Datura wrightii Regel 
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(Solanaceae).  A second host, devil’s claw, Proboscidea parviflora Woot. & Standl. 

(Martyniaceae) (Mechaber and Hildebrand 2000, Mira and Bernays 2002), is available in 

the latter half of the season.  Proboscidea parviflora leaves are broad and covered with 

long, extremely sticky, glandular trichomes (for exudate chemistry of a related species, 

see Asai et al., 2010).  Although a glandular-trichome phenotype is expressed by D. 

wrightii in California (van Dam et al. 1999), Arizona’s D. wrightii leaves are non-sticky 

and relatively smooth (Fig. 1).  Eggs hatch after ~4 days, larvae typically develop 

through 5 instars, and individuals pupate underground. 

 

Leaf humidity: Proboscidea vs. Datura 

 We used a field-deployable array of humidity sensors (SHT-71, Sensirion, Staefa 

Switzerland) to measure the vapor pressure under D. wrightii and P. parviflora leaves.  

Data from the sensors were logged by custom-built computers based on the Arduino 

platform (Arduino Mega; http://www.arduino.cc), run by custom-written software.  The 

sensors put out signals indicating both temperature and relative humidity, and the signals 

were sampled every 10 s and averaged over 10-min blocks. However, under field 

conditions, we found that the sensors heated up significantly above leaf temperature, 

from absorbed solar radiation.  We therefore discarded the temperature information and 

used only the humidity signals; extensive testing in laboratory conditions showed that the 

relative humidity signal was not biased by sensor temperature.  To obtain better estimates 

of leaf temperature, we attached a type-T thermocouple under each leaf, adjacent to the 

humidity sensor.  Temperatures were sampled every minute, averaged over 10-min 

blocks, and recorded to a datalogger (CR10X; Campbell Scientific Inc., Logan, UT, 

USA) fitted with a multiplexer (AM25T; Campbell Scientific Inc.).  We measured 7 D. 

wrightii leaves and 7 P. parviflora leaves, on 3 pairs of plants, for 1 – 1.5 days each.  

Leaves were selected at a range of heights and lengths typical of leaves on which females 

normally oviposit (see Appendix 4).  Next to each plant, one additional thermocouple for 

tracking ambient air temperature was placed at the top of a dowel placed vertically with 

its base 0.5 m from the plant. Although the thermocouple was not shielded from solar 
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radiation, the thermocouple tips were so small that its temperature was affected <0.3 °C 

by solar irradiation. 

 

Desiccation of eggs on Proboscidea vs. Datura leaves 

 Wild M. sexta eggs were collected from D. wrightii plants at the study site.  Eggs 

were inspected under a microscope and those near hatching were discarded.  The 

remaining eggs were weighed and randomly assigned to one of two plant treatments or 

two controls: glued under D. wrightii leaves (using Elmer’s Mucilage glue, which we 

found to have no effect on egg survival), glued under P. parviflora leaves, glued on paper 

in shaded ambient environment, or placed in shaded ambient environment (no glue).  

Both ambient controls were 20 cm above the ground; leaves ranged from 12-42 cm above 

the ground, and from 4.5-8.8 cm (Datura) or 8.5-17 cm (Proboscidea) long.  We used 2 

plants of each host species, and eggs were glued ~1 cm from the edge of each leaf, a 

typical oviposition location (mean ± s.e.m. = 0.92 ± 0.06 cm from edge, N=40).  A 

HOBO datalogger (Onset, U23-002) was placed next to the controls to record ambient 

temperature and relative humidity.  Eggs were left for 48 h, recollected, and weighed 

after glue removal.  (The dried glue could be easily peeled off under a microscope.)  Eggs 

were scored 4 d later for hatching success; eggs that were parasitized or dead were 

removed from the analysis.  We compared the percent egg mass lost over 48 hrs [(mass2-

mass1)/mass1×100] among treatments. 

 

Effect of desiccation on egg survival and development time 

 In August 2009, we reared ~300 wild-collected M. sexta larvae on cut leaves of 

D. wrightii and allowed them to pupate in soil.  Moths emerged in a 2×2×2 m flight cage 

and had access to potted D. wrightii as oviposition substrates and to diluted honey and 

Datura flowers as nectar.  There were up to 48 moths in the cage at a time.  Eggs laid by 

these moths were collected over 3 h (20:30-23:30).  The following morning, eggs were 

weighed and randomly separated into two treatments: dry (~5% RH) or humid (~84% 

RH).  Eggs in both treatments were held at 27°C.  After 48 h, eggs were removed from 
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their treatments, and held in a growth chamber at ~30% RH, 8D:16L, cycling between 20 

- 30 °C.  Approximately 3 h before they started hatching, eggs were weighed and moved 

to constant illumination at 25°C.  We recorded hatching time using a webcam and time-

lapse video software (Flix v3.3; www.nimisis.com/flix).  Egg development time and 

survival were compared between treatments.   

 

 

Results 

 All analyses and results presented here are preliminary.  Sample sizes were small, 

and all experiments will be repeated and expanded in 2010. 

 

Leaf humidity: Proboscidea vs. Datura 

 Leaf microclimates varied substantially, both within and between host plants.  

Temperatures were lower and humidities were higher under P. parviflora leaves 

compared to D. wrightii leaves (Fig. 2).  Vapor density (grams of H2O per cubic meter of 

air) was higher under Proboscidea leaves; i.e., in Figure 2, the Proboscidea data points 

are raised above the Datura data points, particularly at cooler temperatures.  Furthermore, 

while the low temperature under both species’ leaves was similar (~17 °C), daytime 

temperatures were higher under Datura leaves; leaf temperatures reached ~40 °C for 

Datura but only ~28 °C for Proboscidea.  Because warmer air can hold more water, the 

calculation of relative humidity (RH) depends on both vapor density and temperature (see 

curved lines in Fig. 2).  RH of leaf boundary layers ranged from 30-80% on Proboscidea, 

and only 15-70% on Datura.  At night, temperature and vapor densities were similar from 

leaf to leaf (Fig. 2, cooler temperatures).  During the day, leaf microclimates varied 

considerably, even within the same plant.   

 

Egg desiccation on Proboscidea vs. Datura leaves 

 For eggs in the four treatments, percent mass lost was 12.9 ± 1.3% in ambient 

conditions, 11.3 ± 1.3% in glue controls, 9.7 ±1.3% on Datura, and 6.9 ± 1.4% on devil’s 
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claw (mean ± SE; Fig. 3).  Treatment did have a significant effect on egg water loss (Fig. 

3; ANOVA, DF=3, F=3.51, P=0.02; N = 14-18 each).  For all comparisons, the trend is 

in the same direction as predicted by the relative humidities on host plant leaves (see Fig. 

2).  However, our error bars are currently large: percent mass loss on Datura was not 

statistically different from in ambient conditions, nor was loss on Datura vs. Proboscidea 

leaves (see Fig. 3).  Importantly, there was no statistical difference between the two 

ambient treatments, demonstrating that glue alone did not affect egg water loss. 

 

Effect of desiccation on egg survival and development time 

 In the laboratory, during their development, eggs in the dry treatment lost ~22 % 

of their mass, while eggs in the humid treatment lost ~16 %.  These numbers were 

comparable (though over a longer time period) to the 48-h field tests above.  Eggs in dry 

vs. wet treatments did not differ in percent survivorship (P = 0.16; N = 50; hatch success 

= 86 % dry, 94 % humid; Fig. 4A).  Nor did development time differ significantly 

between wet and dry treatments (P = 0.39; Fig. 4B). 

 

 

Discussion 

 Studies of insect water balance have focused primarily on adults and larvae.  For 

these stages, physiological and behavioral mechanisms for conserving water are well 

known (Addo-Bediako et al. 2001, Chown and Nicolson 2004).  Nevertheless, 

desiccation risk may be high during the egg stage, because eggs are immobile, non-

feeding, and relatively small.  Selection therefore may favor strategies that allow embryos 

to resist desiccation (e.g., Zrubek and Woods 2006, Woods 2010), and/or females may 

deposit eggs in microhabitats that provide eggs with relatively high ambient humidities.  

Here, we compared the leaf humidity of M. sexta’s two main hosts in the southwestern 

USA (Fig. 1) and tested how humidity affects the survival and development time of 

embryos.  
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 Our results show that leaf surfaces of both hosts were relatively cool, moist 

microclimates, and eggs on leaves lost water more slowly than eggs in ambient air (Fig. 

2, 3).  Additionally, leaves of Proboscidea were cooler and more humid than those of 

Datura.  In laboratory conditions, however, egg desiccation had no effect on egg 

development time or survival (Fig. 4), suggesting that M. sexta eggs in Arizona have 

large safety margins and can survive conditions substantially more challenging than those 

they usually encounter in nature. 

 

Datura vs. Proboscidea 

 Plant microclimates differ remarkably from the macroclimates that we perceive.  

Leaves alter both the temperature and humidity experienced by eggs, and their effects can 

be dramatic and interactive.  While both D. wrightii and P. parviflora leaves were more 

humid than ambient air, the host plants differed substantially.  During the day, leaves of a 

Proboscidea plant were ~10 °C cooler, and had ~30% higher relative humidity, than 

leaves of a neighboring Datura plant (Fig. 2).  Indeed, leaf microclimates varied widely, 

even within the same plant.  Clearly, we should consider the conditions to which insects 

are exposed on their host leaves, rather than macroenvironmental conditions alone. 

 

 Why do we see such substantial microclimate differences in the boundary layers of 

Proboscidea vs. Datura leaves?  One possibility is that Proboscidea leaves have higher 

transpiration rates than Datura leaves.  Increased evaporation due to increased 

transpiration would result in cooler, more humid boundary layers.  A second possibility is 

that evaporation of glandular trichome exudate cools Proboscidea’s leaves.  To our 

knowledge, the chemistry and evaporative properties of P. parviflora exudate are 

currently unknown.  Lastly, because Proboscidea leaves are larger than Datura leaves, 

microclimate differences may be due in part to differences in leaf size. Larger leaves 

have thicker boundary layers, which resist heat and moisture transfer between the leaf 

and its surroundings (Nobel 2005).  Generally, in absence of a high evaporation rate, a 

leaf’s temperature is positively correlated with its size as a result of solar heating.  If 
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coupled with a higher transpiration rate, however, the large size of a Proboscidea leaf 

could help it maintain a low temperature. 

 

 Host plants may allow some insects to persist in climates that would otherwise be 

physically unsuitable, and individual plant species may provide differential benefits.  For 

M. sexta in Arizona, lower temperatures of Proboscidea leaves may be particularly 

beneficial, because temperatures of the ambient environment and under some Datura 

leaves can exceed the survival threshold for eggs (Potter et al. 2009).  Although M. sexta 

incurs substantial fitness costs associated with feeding on Proboscidea leaves (Diamond 

and Kingsolver 2010), one offsetting advantage appears to be protection from predators 

and parasitoids (Mira and Bernays 2002).  Whether Proboscidea’s cool leaf temperatures 

also contribute to M. sexta’s use of this host plant in the southwestern and southeastern 

USA is unknown, but intriguing. 

 

Egg desiccation  

 In general, eggs on plants lost water more slowly than eggs exposed to ambient 

air (Fig. 3).  While percent mass lost by eggs on Proboscidea was not significantly 

different from percent mass lost by eggs on Datura, the trend follows the direction we 

predicted from Proboscidea’s higher humidity.  Our sample size is currently small; we 

recovered only a small subset of eggs that we glued onto Datura, due to remarkably high 

levels of predation. 

 

 In the laboratory, egg desiccation had no effect on egg development time or 

survival (Fig. 4), suggesting that M. sexta eggs in Arizona are robust in arid conditions.  

However, while the humidity treatments (5% and 84%) in this experiment were 

ecologically relevant, the temperature (27 °C) was cooler than typical conditions in 

nature.  We chose this mild experimental temperature due to equipment limitations.  

However, leaf temperatures in Arizona reach 46 °C (Potter et al. 2009), which may 

increase the effect of desiccation on egg performance.  For example, in Heliothis larvae, 
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high humidity prolongs egg development at high, but not low, temperatures (Qayyum and 

Zalucki 1987).  Future experiments should test whether desiccation causes reduced hatch 

success or delayed development for M. sexta eggs at higher temperatures. 

 

 In conclusion, our data show that M. sexta eggs are buffered by plants from their 

dry environment, but are also quite robust in arid conditions.  In more mesic locations, M. 

sexta eggs contain less water (unpublished data), and therefore may be more susceptible 

to desiccation stress.  Future studies will investigate how egg physiology and leaf 

microclimates interact across mesic-xeric gradients. 
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Figure 1.  Leaves of Manduca sexta’s primary host plants in southern Arizona, USA: (A) 

sacred datura, Datura wrightii, and (B) devil’s claw, Proboscidea parviflora. 
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Figure 2. Temperature, vapor density, and relative humidity of Datura wrightii (black 

circles) and Proboscidea parviflora (green circles) leaves.  Measurements were taken 

every 10 s and averaged every 10 min; data shown is for 1 plant pair (7 leaves each) 

measured for 1.5 days.  Curved lines denote lines of constant relative humidity. 

Proboscidea leaves were cooler and more humid than Datura leaves.  
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Figure 3.  Percent mass lost over 48 h for M. sexta eggs in SE Arizona, USA.  Eggs were 

exposed to the ambient environment (control ambient), glued onto paper in the ambient 

environment (control paper), glued under a Datura leaf, or glued under a devil’s claw 

(Proboscidea) leaf.  Sample sizes are noted on each bar (ANOVA, DF=3, F=3.51, 

P=0.02). 
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Figure 4.  M. sexta eggs were exposed to dry (5% RH, 27 °C) or humid (84% RH, 27 °C) 

treatments for 48 h, and subsequently reared in a common garden.  There was no 

significant difference in either (A) percent hatch success (P = 0.16, N = 50), or 

(B) egg development time (P = 0.39, N = 43-47). 
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WITHIN-PLANT OVIPOSITION PREFERENCE AND OFFSPRING 

PERFORMANCE IN MANDUCA SEXTA 
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Abstract 

 A primary challenge regarding herbivores’ interactions with plants has been 

determining the factors that affect how insects distribute themselves within and among 

plants.  The preference-performance hypothesis predicts that insects should prefer 

oviposition sites that enhance the performance of their offspring.  We tested this 

hypothesis for the within-plant oviposition of the hawkmoth Manduca sexta on its 

primary host, Datura wrightii, in the southwestern USA.  Specifically, we asked: (1) On 

what size leaves and at what height on a plant do females typically oviposit?  (2) Do 

female oviposition patterns result from random leaf choice, or active preference for 

leaves of a particular size or height?  (3) How do leaf size and leaf height affect survival 

and growth of eggs and larvae?  The results show that M. sexta females oviposit at 

random within D. wrightii plants.  While larger leaves on the upper half of a plant 

received more eggs, this was due to the greater accessibility of those leaves.  While 

random oviposition choices can be unfavorable for eggs, the risks may vary sufficiently 

in space and time that there is no consistent selection for intra-plant oviposition 

preference.  Furthermore, hatchling behavior was remarkably different on field plants 

versus greenhouse plants: in the field, larvae were more likely to move between leaves, 

and they switched leaves twice as often.  Although larvae grew faster on larger leaves, 

the consequences of within-plant oviposition site-choice are likely insignificant after 

hatching, due to the ability of hatchlings to move within a plant. 

 

 

Keywords: Datura wrightii, first instar larvae, growth rate, intraplant movement, leaf 

height, leaf size, microclimate, preference-performance hypothesis 
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Introduction 

 One of the longest-standing challenges regarding herbivores’ interactions with 

plants has been determining the factors that affect how insects distribute themselves 

within and among plants.  The preference-performance hypothesis predicts that insects 

should prefer to oviposit on plants, and plant parts, that enhance the performance of their 

offspring (Jaenike 1978, Thompson 1988).  Because a female controls the location in 

which her eggs develop, poorly chosen oviposition sites may result in high mortality or 

slow growth of embryos or hatchlings (Groenteman et al. 2006).  Studies of insect 

oviposition behavior have centered on choices that females make among different species 

or individuals of host plants (Bernays and Chapman 1994).  A female’s likelihood of 

ovipositing on a specific host plant is driven by its chemical suitability for larval 

development (Myers 1985, Heisswolf et al. 2005), the probability of predation and 

parasitism (Price et al. 1980, Bernays and Graham 1988), resource availability for 

offspring (Zangerl and Berenbaum 1992, Kagata and Ohgushi 2002), and arrangement of 

neighboring host plants (Moravie et al. 2006). 

 

 The question of how females decide where to oviposit within a plant has received 

much less attention (but see, e.g., Duffield and Chapple 2001, Kessler and Baldwin 2002, 

Groenteman et al. 2006).  Yet, oviposition sites within a plant may differ as much as sites 

on different plants.  In particular, leaf quality varies with a leaf’s age, size, and location.  

It is often assumed that young leaves are best for oviposition because they provide tender, 

nutritious food for newly hatched larvae.  Indeed, many lepidopteran larvae avoid older 

leaves; this is suggested to occur in homopterans as well (Tedders 1978, Raupp and 

Denno 1983, Gall 1987, Coley et al. 2006).  Younger, smaller leaves typically contain 

more nitrogen, reflecting resources allocated for leaf expansion, but they also may 

contain more chemical defenses (Schultz et al. 1982, Kursar and Coley 2003, Brenes-

Arguedas et al. 2006).  Likewise, microclimate varies with a leaf’s size: large leaves have 

thicker boundary layers of still air, which resist heat and moisture transfer between a leaf 

and its surroundings.  Conversely, transpiration from small leaves can more easily 
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depress leaf temperatures below ambient (Nobel 2005).  Finally, leaf quality can vary 

with location: e.g., higher leaves provide protection from ground-dwelling predators 

(Kessler and Baldwin 2002) and shaded leaves provide cooler microclimates 

(Pincebourde et al. 2007). 

 

 Here, we investigate how three site-specific environmental variables, microclimate, 

predation and leaf nutrition, drive female choice in the hawkmoth, Manduca sexta L. 

(Lepidoptera: Sphingidae).  M. sexta is a classic model for studies of oviposition behavior 

(Madden and Chamberlin 1945, Yamamoto et al. 1969, Tichenor et al. 1981, Abrell et al. 

2005), but the causes and consequences of their oviposition site choice within a plant are 

largely unknown.  

 

 We asked three specific questions, focusing on Datura wrightii R. (Solanaceae), 

Manduca’s primary host plant in the southwestern USA.  (1) On what size leaves and at 

what height on a plant do females typically oviposit?  (2) Do female oviposition patterns 

result from random leaf choice, or active preference for leaves of a particular size or 

height?  Here, we test three null hypotheses of random leaf choice.  Leaves may receive 

more eggs, by chance, if they: i) have larger surface area, or ii) are located on the 

periphery of a plant.  Leaves at a particular height may receive more eggs, by chance, if 

iii) the plant has greater surface area at that height.  (3) How do leaf size and leaf height 

affect survival and growth of eggs and larvae?  While the preference-performance 

hypothesis predicts a correlation between oviposition site-choice and offspring 

performance, optimal oviposition may be impossible due to a number of constraints 

(Mayhew 1997, Craig and Itami 2008, Gripenberg et al. 2010). 

 

 We predicted higher female preference for, and offspring performance on, smaller 

leaves.  First, smaller, younger leaves typically have higher nitrogen than larger leaves; in 

many insects, a low-nitrogen diet causes compensatory feeding or poorer growth (Scriber 

and Slansky 1981, Felton 1996, Awmack and Leather 2002).  Secondly, large D. wrightii 
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leaves provide significantly warmer microclimates, and can reach temperatures that are 

stressfully high for M. sexta eggs (Potter et al. 2009).  Warmer temperatures typical of 

larger leaves result in lower hatching success, delayed egg development, smaller 

hatchlings, and slower growth during the 1st larval instar (Potter et al. submitted 

(Appendix B)). 

 

 

Materials and methods 

Study system 

 The hawkmoth Manduca sexta L. (Lepidoptera: Sphingidae) occurs throughout 

much of the western hemisphere, but has a narrow range of host plants: females 

exclusively oviposit on the Solanaceae (Madden and Chamberlin 1945, Yamamoto and 

Fraenkel 1960) and one species of Martyniaceae (Mechaber and Hildebrand 2000).  In 

the southwestern USA, Manduca’s primary host plant is Datura wrightii R. (Solanaceae), 

a broad-leafed desert perennial plant found commonly in disturbed soil. 

 

 Adults are primarily active from July to September, and females attach eggs (~1-2 

mm in diameter) singly to the lower host leaf surface (Madden and Chamberlin 1945).  

Eggs take ~4-5 days to hatch, and larvae typically develop through 5 instars (Kingsolver 

2007).  Young larvae tether themselves to a leaf using silk.  First instar larvae are 

reported to feed within 1-2 cm of their oviposition site (Madden and Chamberlin 1945, 

McFadden 1968, Nelson 1996, Woods and Singer 2001, Mira and Bernays 2002).  

Temperatures under D. wrightii leaves in SE Arizona can reach 46 °C (which is above the 

survival threshold for M. sexta eggs).  Large leaves are significantly warmer than small 

leaves (Potter et al. 2009).  There are typically 2 generations per year, and individuals 

overwinter below ground as pupae. 

 

 Eggs are primarily attacked by ants, parasitoid wasps, and a variety of sucking 

predators (especially hemipterans).  Larvae are commonly killed by spiders, mantids, 
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wasps, hemipterans, and, in later instars, birds and several parasitoids (Mira and Bernays 

2002). 

 

Female oviposition preference 

 To determine within-plant oviposition preferences of females, we conducted 

semi-weekly field surveys of wild M. sexta eggs on D. wrightii plants around Tucson, 

AZ.  A total of 26 plants were surveyed during July and August 2006. We measured the 

length of all leaves on each plant (for plants larger than 1 m in diameter we measured all 

the leaves on one representative branch, starting from the base of the plant), the length of 

any leaves with eggs, overall height of the plant, and height of the eggs above the ground.  

In total, we measured 3354 leaves, of which 193 had eggs.  In D. wrightii, a leaf’s length 

and area are strongly correlated (Area = 0.43 × length2.05; N=159 leaves; R2 = 0.97). 

 

 The null hypothesis (that females oviposit randomly across all leaf sizes) predicts 

that the distribution of the lengths of leaves with eggs is similar to the distribution of the 

lengths of all leaves on a plant.  We tested this using a χ2 test.  However, leaf size classes 

may receive more eggs, still by chance, if they: (1) have larger total surface area, or (2) 

are located on the periphery of a plant.  To test (1), we converted leaf length into leaf area 

(see formula above), and regressed the number of eggs on leaves of length x versus the 

total surface area represented by leaves of length x.  Data were log transformed +1 to 

include incidence of 0 eggs.  If egg deposition is based solely on the total area of leaf size 

classes (i.e., more eggs are laid on the size classes with more cumulative leaf area), then 

the slope of the regression of (log+1)leaves with eggs on (log+1)leaf area should equal 1.  

If the slope of the regression does not equal 1, then eggs are not deposited solely based on 

the total area of leaf size classes.  To test (2), we quantified the accessibility of leaves.  A 

blindfolded assistant probed 100 times at each of 5 plants, and we recorded the length of 

every leaf he first touched (hereafter termed “randomly selected leaves”).  Probes were 

done from all sides of each plant.  Frequency distributions of leaf sizes for leaves with 

eggs and randomly selected leaves were compared using a χ2 test.  If the distribution of 
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randomly selected leaves is not different from the distribution of leaves with eggs, then 

eggs are laid on leaf sizes based on the probability of encountering those leaves as the 

moth approaches the plant. 

 

 Lastly, to determine where females oviposit with respect to plant height, we divided 

a subset of census plants (N = 10) into 4 layers of equal height, and measured the 

circumference at the middle of each layer (e.g., a plant 80 cm in height was measured at 

10, 30, 50 and 70 cm).  We calculated the available surface area (SA) for the bottom 3 

layers as cylinders and the top layer as a hemisphere (in both cases, SA = circumference 

× height).  While the top layer is shaped closer to an ellipsoid, not a perfect hemisphere, 

the error in this estimation is less than the error implicit in idealizing the shape of the 

plant.  To determine whether females preferentially oviposit at a particular height, we 

compared the mean SA of each layer to the mean percentage of eggs in that layer (egg 

location scored as hegg/hplant).  Due to D. wrightii’s bush-like architecture, leaves of all 

ages and sizes are found at all heights on a plant. 

 

Laboratory experiment: Larval growth by leaf size 

 In August 2007, we reared wild-collected M. sexta on potted D. wrightii plants to 

determine how the size of a leaf on which a larva hatches affects its growth.  We 

collected eggs from wild D. wrightii plants, then glued them with Elmer’s white glue 

onto different sized leaves (3-18 cm long) of potted D. wrightii plants.  Eggs and larvae 

were checked every 2-3 hours from hatching until the 1st molt.  We recorded the time of 

each larva’s hatching, size of its initial leaf, number of times it switched to a different 

leaf, time until the 1st molt, and mass at the 1st molt.  Experiments were conducted at 

32°C.  

 

Field experiment: Performance of eggs and larvae  

 During August 2008, we conducted field observations to determine whether leaf 

size or height predicted the performance of eggs and larvae.  We used UV lights to 
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collect adult M. sexta females from the University of Arizona’s Santa Rita Experimental 

Range (SRER) 45 km south of Tucson.  Moths were placed in an outdoor 1.8×1.8×1.8 m 

flight cage with flowering D. wrightii plants for oviposition substrate and for nectar.  

Eggs laid by these females were collected each morning.  We cut each egg out of the leaf 

on which it was laid so that each egg was still attached to a small square of leaf.  These 

small squares of leaf (N = 240) were promptly glued (using Elmer’s white glue, which 

is non-toxic to plants) onto leaves of 16 D. wrightii plants growing in a 55×80 m plot at 

the University of Arizona’s Campus Agricultural Center (see Fig. 1).  We thoroughly 

inspected focal plants daily and removed any wild eggs and larvae. 

 

 We glued the leaf squares on leaves representing (1) three size categories (small 

3-5 cm long, medium 7-9 cm, or large 11-14 cm), and (2) two height categories (top or 

bottom half of each plant).  These size categories correspond to the lower, middle and 

upper range of where eggs are deposited in nature (see Fig. 2, dark bars).  Eggs were 

checked every 24 hours through hatching until completion of their first molt.  We 

recorded the fate of each egg as: hatched, sucked by Hemipteran predators, gone (i.e., 

most likely taken by ants or other predators), or not-hatched.  All not-hatched eggs were 

subsequently collected and inspected under a microscope to determine whether they were 

parasitized, infertile, or contained a dead embryo.  Our classification is similar to that 

used by Mira and Bernays (2002).  We followed the fates of any hatched larvae through 

their first molt, recording the size of each larva’s initial leaf, any movement between 

leaves, and survival to 2nd instar. 

 

 

Results 

Female oviposition preference 

 We measured the lengths of 3354 leaves on 26 D. wrightii plants.  Leaf lengths 

were measured to the nearest mm and binned to 0.5 cm.  For χ2 tests, however, bins were 
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increased to 1 cm to fulfill test requirements.  Data is presented here using 1 cm bins to 

ease visual comparisons among tests (Fig. 2).  

 

 Leaf lengths exhibited a strongly left-skewed distribution (Fig. 2A, light bars; range 

0.1-19.4 cm).  Although small leaves were the most abundant, eggs were found only on 

medium and large sized leaves (Fig. 2A, dark bars; mean length = 9.1 cm; range 3.0-17.8 

cm) (χ2 = 540.4, DF = 19, P < 0.0001).  After correcting the data for available surface 

area represented by leaves of each size class (Fig. 2B), the distribution of eggs was still 

significantly right-shifted.  The 95% CI of the slope of the regression of leaves with eggs 

on total leaf area (of each size class) did not include 1.0 [(log)eggs+1 = -0.06 + 

1.33*(log)area +1; upper 95% CI = 1.56, lower 95% CI = 1.10; F = 136.9, N = 41, R2 = 

0.78, P < 0.0001].  Therefore, we conclude that oviposition site-choice is not based solely 

on available area of leaves of a given size.  Females oviposit on larger leaves more often 

than predicted by either their abundance or their surface area.  To account for plant 

architecture, we compared the distribution of randomly selected leaves with the 

distribution of eggs (Fig. 2C); these distributions are not significantly different (χ2 = 24.5, 

DF = 17, P = 0.11).  We conclude that females oviposit at random as they contact the 

plant, and the greater accessibility of large leaves leads to more frequent oviposition on 

larger leaves. 

 

 Additionally, females oviposited on the top half of the plant more than the bottom 

half of the plant (Fig. 3; N = 10 plants).  The top quarter of the plant received more eggs 

than predicted by its surface area (P < 0.01), whereas the bottom received fewer (P < 

0.0001).  

 

Laboratory experiment: Larval growth by leaf size 

 Approximately 20% of larvae (15/80) switched leaves during their first instar.  To 

determine how leaf size affects growth rate, we analyzed only larvae that stayed on their 

natal leaf.  For those larvae, consumption of larger leaves was associated with faster 
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growth.  Larvae on larger leaves were heavier at their first molt (Fig. 4A; N = 65, P < 

0.001, R2 = 0.20) and molted sooner (Fig. 4B; N = 65, P = 0.008, R2 = 0.11).  R2 values 

are probably underestimated, because 1) larvae were checked only every 2-3 hours, and 

2) temperature during the egg stage varied. 

 

Field experiment: Performance of eggs and larvae  

 On several occasions we found eggs missing along with their original square of 

leaf; these occurred after heavy monsoon storms.  We removed these from analysis.  

Infertile eggs were also removed from the analysis, bringing the total sample size to 195 

eggs.  Forty-seven percent of eggs successfully hatched, consistent with observations of 

M. sexta eggs in other locations (Mira and Bernays 2002).  The most frequent category of 

mortality was ‘missing egg’, presumably due to egg predators (Fig. 5).  No eggs were 

parasitized at this site.  While egg fate did not depend on leaf size (Fig. 5A; χ2 = 9.2, DF 

= 6, P = 0.17), hatching success (i.e. hatched vs. unhatched eggs, regardless of the type of 

mortality) was higher on small leaves (χ2 = 7.9, DF = 2, P = 0.02).  Neither egg fate nor 

hatch success correlated with leaf height (Fig. 5B; egg fate: χ2 = 2.5, DF = 3, P = 0.46; 

hatch success: χ2 = 1.2, DF = 1, P = 0.27).  Approximately 15% of individuals (28/195) 

survived to their 1st larval molt. 

 

Field vs. laboratory comparison: Larval movement 

 The behavior of wild larvae in the field was surprisingly different from that of 

wild larvae reared in the lab; 100% of field larvae switched leaves during their first instar, 

versus only 20% in the lab.  To compare larval movement in the 2 experiments, we 

restricted the lab data to the leaf size classes that we used in the field (Fig. 6A; field N = 

28; lab N = 45).  Larvae were not only more likely to switch leaves in the field, but they 

also moved more frequently (Fig. 6B; field N = 28, 2.3 ± 0.1 (mean moves ± SE); lab N = 

12, 1.2 ± 0.1; P < 0.001).  Both in the laboratory and the field, larvae switched before 

their first leaf was fully consumed. 
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Discussion 

 It is well known that, in herbivorous insects, performance at, and preference for, a 

given oviposition site depends upon multiple biotic and abiotic factors, including 

nutritive value, threat of enemies, and microclimate.  The preference-performance 

hypothesis predicts that insects should prefer to oviposit in sites that enhance the 

performance of their offspring.   This study tests whether within-plant oviposition by 

Manduca sexta follows this prediction, focusing on its primary host plant, Datura 

wrightii, in the southwestern USA. 

 

 M. sexta females oviposit at random as they contact a plant, and they oviposit on 

the top of the plant more often than the bottom.  Although larger leaves received more 

eggs, this is most likely due to the greater accessibility of those leaves.  Hatching success 

was higher on small leaves, as predicted.  In contrast, larvae grew faster if they consumed 

large leaves.  However, in the field, all larvae switched leaves frequently, and their 

behavior differed remarkably from larvae reared on plants in the lab.  The unexpected 

mobility of hatchlings suggests that the consequences of within-plant oviposition site-

choice are potentially strong for eggs, but much less significant for larvae. 

 

Female preference & offspring performance 

 Leaf age is one of the main determinants of food selection in herbivorous insects. 

Young leaves are necessarily tender, because a tough cell wall would prevent cell 

expansion, and nutritious, because they require additional enzymes and nutrients to grow 

(Coley et al. 2005).  Young leaves are usually more heavily attacked by herbivores 

(Coley 1983, Raupp and Denno 1983, Kursar and Coley 2003), and larvae raised on 

mature leaves often exhibit poorer survival, growth and assimilation efficiencies than 

those raised on young leaves (Schweitzer 1979, Gall 1987, Coley et al. 2006).   Indeed, 

ovipositing females of many species can distinguish between young and old leaves and 

preferentially lay eggs on the former (Bergström et al. 1995, Lawrence et al. 2003, 
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Bittencourt-Rodrigues and Zucoloto 2005). 

 

 This study, however, showed that (1) M. sexta larvae grow faster on larger leaves 

(Fig. 4), and (2) females oviposit on larger leaves (Fig. 2).  The former point is surprising 

because in the laboratory, M. sexta larvae grow faster on artificial diets with high 

nitrogen (Woods 1999), and D. wrightii leaves show a decline in nitrogen with age and 

size (G. Davidowitz, unpublished).  Yet, larvae feeding on large leaves reached their 2nd 

instar ~18 hrs earlier, and were ~30% heavier, than larvae feeding on small leaves (Fig. 

4).  It is unlikely that differences in leaf temperature caused this pattern; in the lab, 

microclimate is likely similar leaf to leaf.  Furthermore, if large leaves were warmer, as 

they are in the field, we would expect larvae on large leaves to be smaller, not larger 

(Atkinson 1994).  Presumably, other age-related leaf changes caused this growth pattern.  

One possibility is that young leaves are more defended chemically.  Indeed, it is more 

costly for a plant to lose younger leaf tissue due to its greater nutrient content and 

photosynthetic capacity, so some plant species heavily defend younger leaves (Coley et 

al. 2005).  Whether Datura leaf defenses, such as alkaloids, polyphenol oxidase, 

peroxidase and proteinase inhibitors (Hare and Walling 2006), are more concentrated or 

are induced faster in smaller leaves remains to be tested. 

 

 In contrast to larvae, embryos showed higher performance (in this case, hatching 

success) on smaller leaves. One possibility is that small leaves protected eggs from 

predators due to their less accessible locations within a plant; i.e., predators, like the 

female moths, may alight less often on small leaves.  A second possibility is that small 

leaves provided more suitable microclimates for egg development.  Measurements at this 

field site the previous year showed that large leaves are ~3 °C warmer than small leaves 

during the day, reaching temperatures that are stressfully high for eggs (Potter et al. 

2009).  At those temperatures, eggs on large leaves would hatch later and therefore be 

exposed to predators for longer.  It is possible, however, that our gluing technique 

interfered with egg microclimates.  The square of original leaf covered ~2-3 mm around 
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each egg.  Because this area was unable to transpire, it is possible that eggs did not 

experience “normal” leaf microclimates. 

 

 Why, if eggs experience higher success on small leaves, do females not oviposit 

there?  It is possible that predation and microclimate vary sufficiently in both space and 

time (e.g., Mira and Bernays 2002) that there is no consistent selection for this behavior.  

Even when host quality can have a large effect on individual fitness, if it is difficult for a 

female to predict, her most viable solution may be to spread eggs widely (Hopper 1999, 

Gripenberg et al. 2007).  Furthermore, females predominantly limited by egg number 

should, in theory, employ greater oviposition site discrimination than those primarily 

subject to time limitation (Doak et al. 2006).  It is likely that M. sexta females are more 

strongly time limited than egg limited.  Females lay hundreds of eggs over ~6 nights 

(Madden and Chamberlin 1945), and must fly considerable distances between host plants.  

Mira & Bernays (2002) predicted that an average female must lay >400 eggs on D. 

wrightii to provide a male and female in the next generation.  Spending extra time 

evaluating oviposition sites within a plant may therefore be of little benefit.  Additionally, 

while oviposition is random within a plant, females do distinguish between plants, 

preferentially ovipositing on plants with higher alkaloids (Adler et al. 2006) and more 

flowers (Reisenman et al. 2010). 

 

 M. sexta females lay more eggs on the upper half of Datura (Fig. 3); this is also 

true for oviposition on tobacco (Madden and Chamberlin 1945) and tomato (Nelson 

1996).  Indeed, field observations confirm that moths approach the plants from above, 

never from the ground, which presumably results in this pattern.  This also suggests 

another interpretation of the intra-plant oviposition preferences of M. quinquemaculata, a 

sister species of M. sexta that also oviposits on relatively large leaves on the top half of 

their host plants (Nicotiana attenuata).  Kessler and Baldwin (2002) proposed that M. 

quinquemaculata’s oviposition behavior was the result of selection to minimize predation 

by ground-dwelling predators, while optimizing the nutritional needs of offspring by 
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ovipositing near the small leaves on which larvae grow best.  This study suggests an 

alternative, more parsimonious, explanation: oviposition choice by M. quinquemaculata 

on N. attenuata may be due to random leaf choice by females. 

 

Larval movement  

 Our results challenge the depiction of 1st instar Manduca as typically staying near 

their hatching site (Madden and Chamberlin 1945, McFadden 1968, Nelson 1996, Woods 

and Singer 2001, Mira and Bernays 2002).  On Datura, larvae moved surprisingly often.  

In our field study, 100% of larvae switched leaves, and most moved multiple times, 

during their 1st instar.  In contrast, in our laboratory study, only ~20% of 1st instars 

switched leaves.  The reason for the difference between laboratory and field behavior is 

unknown, although it may explain why leaf-switching has not been noted previously.  We 

suggest four possible reasons. (1) Field plants are considerably different from 

greenhouse-grown plants, or even plants growing in pots outdoors.  Potted D. wrightii 

plants differ morphologically from field plants.  Potted plants are elongated, their leaves 

are thinner, stickier and wilt more readily, and their taproot is curled and stunted.  

Similarly, leaf physiology may differ between field and potted plants.  For example, 

potted plants may have fewer defenses, or weaker induction of defenses in response to 

herbivory, both of which may reduce the need for leaf-switching.  (2) Greenhouse-raised 

plants had no prior exposure to insects whereas field plants had normal herbivore 

damage.  In field plants, previously induced defenses may have prompted field larvae to 

switch leaves more frequently.  On tobacco, M. sexta larvae will choose an uninduced 

over an induced plant (van Dam et al. 2000), or select specific within-leaf feeding sites to 

minimize nicotine intake (Kester et al. 2002).  (3) Larvae may move to thermoregulate.  

While our laboratory environment was kept at a constant 32°C, field plants varied in 

microclimate from leaf to leaf, and from day to night (Potter et al. 2009).  During later 

instars, M. sexta larvae thermoregulate by moving between the exterior and interior of a 

plant (Casey 1976).  (4) Finally, larvae may also move in response to predation attempts.  

In a preliminary experiment, we found no difference in movement for undisturbed larvae 
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versus those that we repeatedly pinched with tweezers, simulating predator attack.  

However, larvae may pay attention to different predator cues.  Interestingly, many larvae 

moved to a new leaf just before molting.  This behavior may help them avoid predators 

that would be attracted to the visual and volatile cues of their feeding site, since larvae 

are immobile and defenseless during their molt. 

 

 In conclusion, our findings do not support the predictions of the preference-

performance hypothesis.  Manduca sexta females oviposit at random within D. wrightii 

plants.  While their oviposition choices are potentially risky for eggs, the threats of 

predation and high temperature may vary sufficiently in space and time that there is no 

consistent selection for intra-plant oviposition preference.  Furthermore, the 

consequences of within-plant oviposition site-choice are relatively insignificant after 

hatching, due to the ability of hatchlings to move within a plant. 
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Figure 1. Technique for gluing eggs: each egg was cut out of the leaf on which it was laid 

so that each egg was still attached to a small square of leaf.  These squares were glued 

onto leaves of Datura wrightii plants in the field. 
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Figure 2.  Distribution of Manduca sexta eggs on Datura wrightii leaves in SE Arizona, 

USA (N = 26 plants, 3354 leaves, 193 eggs).  Females oviposit on larger leaves, due to 

the greater surface area and easier accessibility of large leaves.  See text for all statistics.  

(A) Distribution of the lengths of all leaves on plants compared to those leaves that have 

eggs.  (B) Same data as above, but presented such that each bin is the percent of total leaf 

area that is represented by leaves of that size.  E.g., although there are many small leaves, 

they represent only a tiny fraction of available leaf area.  Egg deposition is not based 

solely on the available area of leaves of given size; females oviposit on larger leaves than 

predicted by leaf area alone.  (C) Distribution of the lengths of randomly selected leaves 

(where eggs would be expected if oviposition occurs randomly; see methods) compared 

to those leaves that have eggs.  The distributions are not significantly different: females 

oviposit at random as they contact the plant. 
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Figure 3. Distribution of Manduca sexta eggs on Datura wrightii plants.  Plants were split 

into 4 layers, each with equivalent height.  Black bars denote mean (±SE) canopy area of 

each layer.  Gray bars denote mean (±SE) number of eggs found in each layer.  Females 

are more likely to oviposit on the top of the plant.  Stars denote significance at the P < 

0.01 or 0.0001 level (N = 10 plants). 
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Figure 4.  Leaf size affects the growth of 1st instar Manduca sexta larvae.  Larvae that 

consumed a larger D. wrightii leaf (A) were heavier by their first molt (N = 65, P < .01, 

R2 = 0.20), and (B) molted sooner (N = 65, P < .01, R2 = 0.11).  
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Figure 5.  Fates of M. sexta eggs on D. wrightii leaves in Tucson, AZ, USA.  (N = 195 

total eggs; sample size for each category is written on the bar).  (A) Eggs were glued on 

small (3-5 cm long), medium (7-9 cm) or large (11-14 cm) leaves.  While the type of egg 

fate did not depend on leaf size (χ2 = 9.2, DF = 6, P = 0.17), hatching success was higher 

on small leaves (χ2 = 7.9, DF = 2, P = 0.02).  (B) Egg fate and hatch success did not 

depend on leaf height (top half vs. bottom half of plants; egg fate: χ2 = 2.5, DF = 3, P = 

0.46; hatch success: χ2 = 1.2, DF = 1, P = 0.27).   
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Figure 6.  Wild M. sexta larvae behaved differently when reared in the field vs. the lab.  

Sample sizes are on each bar.  (A) Field-reared larvae were more likely to switch leaves 

during their 1st instar.  In the lab, larvae were more likely to switch leaves if they hatched 

on a small leaf.  (B) Field-reared larvae switched between leaves more frequently (P < 

0.001).  In every case, larvae switched before their first leaf was fully consumed.   
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