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ABSTRACT 

 Within-species variation is ubiquitous in nature and can have large consequences 

for both ecological and evolutionary processes. The major drivers of this variation, as well 

as their consequences, remain poorly understood for some interaction types. This is 

especially true in plant-pollinator mutualisms, where intraspecific variation in pollinator 

behavior has only been minimally studied. As many plants rely heavily on animal pollen 

vectors for their reproduction within-species variation has the potential to have large 

consequences for plant fitness. My dissertation focuses on intraspecific variation in the 

behavior of nectar-foraging hawkmoths, especially variation associated with sex. To 

examine this variation, I have used a variety of methods including literature reviews 

(Appendix A), long-term field observations (Appendices C and D), behavioral experiments 

(Appendices B and C) and experimental physiology (Appendix C). First, I show that sex is 

associated with large, discrete, and predictable variation in foraging behavior across all 

major pollinating taxa (Appendix A). In particular, female pollinators frequently gather 

more and different resources from flowers based on the requirements associated with 

offspring provisioning, while males frequently show more mobile and dispersive foraging 

patterns. These general patterns, however, emerge primarily from work on bees, and very 

rarely assess the consequences of these differences for visited plants. Second, I show that 

female hawkmoths show strong links between their nectaring and oviposition behavior 

(Appendix B). These links can have large consequences on their foraging choices, to the 

point that females may lay eggs on inferior larval hosts if those hosts offer nectar rewards. 

Third, I show that males and females of the hawkmoth Hyles lineata vary extensively and 

consistently in their foraging behavior in the field over five years, such that females carry 



 8 

larger and more species rich pollen loads than do males (Appendix C). This difference does 

not appear to be due to differences in floral fidelity, as wild-foraging males and females did 

not differ in their rate of switching between floral resources. Males do, however, invest 

more heavily into their flight apparatus and have higher flight endurance in the lab than 

females; males may therefore be bypassing resources in nature as they fly long distances 

looking for females. Finally, I show that individuals vary extensively in their diet breadths 

below the species level in several hawkmoth species (Appendix D). Across species, 

individuals carried pollen loads with similar species richness, but species evenness was 

lower for the specialist species than for the generalist.  Together, these results demonstrate 

the importance and magnitude of variation below the species level in pollinator behavior, 

and highlight the need for further study across species to understand its impacts on plant-

pollinator communities. 
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INTRODUCTION 

 Behavioral variation among individuals is ubiquitous across species. This variation 

can have large consequences for individual fitness (Vindenes et al. 2008), competition 

within species (Boncoraglio and Saino 2008), population dynamics (Vellend 2006) and 

evolutionary trajectories (Bolnick and Doebeli 2003). Thus, studying the drivers of this 

variation and how it impacts species interactions is critical to understand how it affects 

natural communities.  In this dissertation, I examine the causes and consequences of 

within-species behavioral variation for plant-pollinator interactions using hawkmoths as 

model pollinators, focusing in particular on the substantial variation associated with sex. I 

address four major questions: 1) how do sex-associated differences in behavior affect 

pollinators across taxa?; 2) how do offspring provisioning and floral foraging interact in 

females?; 3) how do wild males and females differ in their foraging behavior and what 

mechanisms underlie these differences?; and 4) what aspects of diet breadth vary below 

the species level, and how consistent is this variation across species? Below, I briefly 

review major drivers of behavioral variation below the species level, discuss the ecological 

and evolutionary consequences of this variation, and introduce the study system I used to 

answer these questions.  

 Drivers of variation:  

 Age and experience 

 While many different factors have the potential to drive variation at the among-

individual level, a few main factors are known to have large effects on behavior across 

species. For example, in many species an individual’s age or developmental stage 

determines the environment it lives in, the species it interacts with, and the resources it 
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consumes (Nakazawa 2015; Sánchez-Hernández et al. 2019). These differences are 

particularly striking in holometabolous insects and amphibians that undergo 

metamorphosis, where the transition between the larval and adult stages are associated 

with shifts from aquatic to terrestrial habitats (Nakazawa 2015) and from more sessile to 

more dispersive forms. Diets also shift drastically, from herbivorous to carnivorous diets in 

many amphibians (e.g., frogs, Schriever and Williams 2013) and from phytophagous to 

nectivorous diets in insects (e.g., (Altermatt and Pearse 2011). Such ontogenetic dietary 

shifts (ODSs) also occur in organisms with similar juvenile and adult morphologies, and 

have been particularly well studied in fishes (Sánchez-Hernández et al. 2019). As juveniles 

increase in size, they are able to exploit larger prey items, and may, for example, shift from 

a primarily phytoplankton diet to consuming aquatic invertebrates and other fish 

(Amundsen et al. 2003). Age is also associated with shifts in behavior among adults. For 

example, in honeybees an individual worker’s age is a strong predictor of the colony tasks 

they perform (Seeley 1982; Johnson 2010), with younger workers performing within-

colony tasks while larger workers forage outside of the colony.  

Furthermore, experience can have large effects on behavior. For example, early-life 

exposure to environmental cues can drive plastic morphological change that alters an 

individual’s interactions with other species (Kishida et al. 2010) in the presence of 

predators. Learning also changes behavior more directly in experienced individuals by 

affecting the partner species with which they interact. For example, many predators learn 

to avoid distasteful or dangerous prey (e.g., (Brodie 1993), and female insects in some 

cases prefer to lay their eggs on plants that they had encountered as a larva (Anderson et 

al. 2013). Learning can also increase an individual’s foraging efficiency (e.g., handling time, 
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Laverty 1994; Raine and Chittka 2007) and competitive ability during conflicts (Carpenter 

1995; Stuart-Fox and Johnston 2005).  

Animal “personality” 

 Behavioral syndromes or “personalities” have been extensively studied in recent 

years (Sih et al. 2004). Correlations in the responses of animals to stimuli across contexts, 

due to mechanisms such as hormone exposure during development (e.g., Duckworth and 

Sockman 2012), create repeatable variation in their behavior and interactions with their 

environment. For example, individuals will display similar levels of boldness and shyness 

in both exploratory and social interactions (e.g., Cote et al. 2010). These correlations have 

been found across the animal kingdom (Gosling 2001; Sih et al. 2012), and even at the level 

of animal groups (e.g., Bengston and Dornhaus 2014). Importantly, these correlations often 

lead to tradeoffs along the axis of variation, with no one behavioral type optimal across all 

contexts (Sih et al. 2004). While boldness is beneficial for acquiring or monopolizing new 

food resources, excessive boldness in the presence of predators can greatly increase 

predation risk (e.g., Bremner-Harrison et al. 2004). Thus, this variation can persist in 

variable environments due to the context dependent selection on different personalities 

(Sinervo and Calsbeek 2006; Sih et al. 2012).  

 Genetic variation 

 Genetic differences among individuals are also important drivers of trait variation, 

frequently underlying the differences described above (e.g., Bouchard and Loehlin 2001). 

Continuous variation in body size or limb morphology, for example, can alter the habitats 

and diets of individuals (e.g., Smartt and Lemen 1980). Other types of genetic variation are 

discrete, such as those associated with resource polymorphisms (Skulason and Smith 
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1995) and alternative mating strategies (Gross 1996). For instance, single allele differences 

can alter the size of finch beaks (Smith 1993) and the handedness of scale-eating cichlids 

(Hori 1993), thereby altering the resource and competitive landscapes they experience. 

Similarly, individuals within species such as salmon (Fleming et al. 1996), side-blotched 

lizards (Sinervo and Lively 1996), and many others  differ in the way they achieve mating 

success, often with some individuals being large and competitively dominant while others 

are smaller “sneakers” that deceive rivals to mate (Brockmann 2001; Neff and Svensson 

2013). 

 One of the most significant forms of discrete genetic variation is sex (Andersson 

1994; Fairbairn et al. 2007; West-Eberhard 2014). Sex is associated with marked 

differences in the behavior of animals across taxa, with males and females frequently 

differing in the habitats in which they prefer to spend time (e.g., Wearmouth and Sims 

2008; Levin et al. 2013) and their dietary preferences (e.g., Barboza and Bowyer 2000; De 

Lisle and Rowe 2015). Foraging for different resources as well as differences in mate 

searching also cause males and females to differ in their foraging strategies (e.g., Le Boeuf 

et al. 2000; Nakashima and Hirose 2003) and dispersal tendencies (e.g., Clarke et al. 1997; 

Perry and Garland, 2002).  

 

Consequences of intraspecific variation 

 Variation below the species level can have many and far-reaching consequences for 

focal species and communities, and in many cases can have larger impacts than variation 

across species (Des Roches et al. 2017). These effects can be divided into those directly 

impacting ecological processes and those influencing evolutionary processes (reviewed in 
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Bolnick et al. 2011). For example, variation among individuals in diet breadth and their 

relative interaction strength with other species can influence the degree of inter- vs. 

intraspecific competition (e.g., Werner et al. 1981; Boncoraglio and Saino 2008), as well as 

altering the population dynamics of interacting species (Vellend 2006). Thus, this variation 

alters, and in many cases stabilizes, food-web dynamics (Gross et al. 2009; Nilsson et al. 

2018; Sánchez-Hernández et al. 2019). The presence of variation can also affect population-

level processes due to Jensen’s inequality, where variation can influence overall interaction 

rates depending on the shape of reaction norms (Ruel and Ayres 1999; Okuyama 2008). 

Similarly, portfolio effects can stabilize population fluctuations if certain phenotypes are 

negatively correlated with each other (Tilman et al. 1998; Schindler et al. 2010). Genetic 

variation is also associated with population-level ecological processes including population 

disease susceptibility (Tarpy 2003; Pearman and Garner 2005), productivity (Mattila and 

Seeley 2007) and survival (Gamfeldt and Källström 2007; reviewed in Hughes et al. 2008). 

Beyond these primarily ecological effects, heritable variation within species is the 

raw material for evolution, and can have substantial evolutionary effects as well. For 

example, variation in early-life experience and strong intraspecific competition can lead to 

host-race formation (e.g., in treehoppers, Wood et al. 1999), with the potential to facilitate 

sympatric speciation (reviewed in Via 2001). Alternatively, high intraspecific competition 

can result in the ecological divergence within species, such as between males and females 

(Bolnick and Doebeli 2003). This outcome is more likely when the sexes use different 

resources, which is known for many species (e.g., Barboza and Bowyer 2000). This 

outcome appears to have occurred during the radiations of Anolis lizards and 

Notophthalmus salamanders (Butler et al. 2007; De Lisle and Rowe 2015; De Lisle and 
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Rowe 2017). Beyond competition, heritable variation can also lead to phenotypic subsidy 

(Bolnick et al. 2011), such as when a high fitness heterozygote “subsidizes” less fit 

homozygous forms at higher frequencies in the population than might otherwise persist. 

Subsidies of this type can influence the evolutionary equilibria and population dynamics 

both of focal species and their interaction partners (Roughgarden 1972). Ecological-

evolutionary feedbacks also allow more variable populations to adapt more rapidly to 

changing conditions, thereby reducing their extinction risk and altering how they coexist 

with other species (Fox and Vasseur 2008; Post and Palkovacs 2009).  

Though the literature on the causes and consequences of intraspecific variation is 

diverse and growing, the majority of attention has focused on a subset of interaction types, 

in particular predation, herbivory, and competition (Bolnick et al. 2003). Much less 

attention has been paid to the causes and consequences of this variation in mutualistic 

interactions. Nevertheless, examples of intraspecific variation in mutualisms are not 

uncommon (e.g., Bshary and Grutter 2002; Parkinson et al. 2015; Zwolak 2018). With many 

mutualisms being ecologically and economically essential (e.g., Klein et al. 2007; Sprent et 

al. 2017), understanding the role intraspecific variation plays in these interactions is 

critical.  

 

Study system 

Here, I study the patterns and causes of within-species behavioral variation using 

plant-pollinator mutualisms as a model system. Because floral visitors are often 

responsible for much, if not all, of the reproductive success of many flower species 

(Takayama and Isogai 2005; Klein et al. 2007), plant fitness can be sensitive to relatively 
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small behavioral differences in the nectar or pollen foragers that visit their flowers. For 

example, the decision by a pollinator to visit one heterospecific flower while foraging on 

another species of plant, or to change the order in which it visits flowers in a patch, can 

affect seed set (Morales and Traveset 2008; Flanagan et al. 2010; Arceo-Gómez and 

Ashman 2014), as can decisions of when to groom or how long to rest between flower visits 

(Morales and Traveset 2008). Furthermore, individual variation in pollinators can 

influence pollination network structure: dividing generalist species into more specialized 

individuals lowers the estimated connectance, nestedness, and stability of networks (Tur et 

al. 2014). Despite this sensitivity to potentially subtle behavioral differences, data for 

individual nectar foragers within a species are often averaged together in order to compare 

them to other species (Thomson and Goodell 2001; Terblanche and Anderson 2010) or 

groups of species at broader taxonomic scales (e.g. Castellanos et al. 2003; Bischoff et al. 

2013). 

Specifically, I focus on variation in hawkmoths (Lepidoptera, Sphingidae). 

Hawkmoths are a large and species rich group of insects that are important pollinators 

worldwide (Amorim et al. 2014; Johnson et al. 2017). Because they use nectar to fuel their 

extensive and energetically expensive flight (Willmott and Ellington 1997; Berman and 

Wang 2007), hawkmoths are prolific floral visitors. In part due to their size and dispersal 

ability (Martins and Johnson 2009), many phylogenetically distant plant species have 

evolved floral traits that promote visitation by this group, often at the expense of other 

pollinators (Martins and Johnson 2013; Miller et al. 2014). 

Hawkmoths are also an ideal study system for investigating behavioral variation 

below the species level. First and foremost, they are solitary: while the behavior of model 
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pollinators such as bees is influenced by social information and colony-level needs, 

hawkmoth behavior is not. Thus, hawkmoth behavior is more easily interpreted to be the 

result of individual-level experience and resource requirements. Similarly, as they do not 

collect or consume pollen, the resources moths collect are more readily compared among 

individuals. Furthermore, because they do not groom themselves of pollen, the grains they 

pick up during foraging can be used as a record of their behavior (Alarcón et al. 2008; 

Sazatornil et al. 2016). Hawkmoths are locally abundant in the Sonoran Desert and are 

easily collected in the field using blacklights.  Finally, hawkmoth colonies that produce 

large numbers of individuals can be established in laboratory settings (e.g., Davidowitz et 

al. 2003), allowing researchers to experimentally compare many independent individuals 

in controlled conditions.  

 

 

 

 

 

 

 

 

 

 

 

 



 17 

PRESENT STUDY 

Here I present a summary of the goals and major findings of the appended 

manuscripts. Appendix A is in press at Journal of Animal Ecology (Smith et al. 2019), and 

Appendix B is published in Ecological Entomology (Smith et al. 2018).  

 Appendix A – Sex differences in pollinator behavior: patterns across species and 

consequences for the mutualism 

Intraspecific variation in floral visitor behavior and pollination efficiency has been 

much less studied than interspecific variation. Nevertheless, it is clear that large differences 

in these traits exist within species, and in particular between sexes within species. With the 

exception of a few well-studied interactions, however, the consequences of these 

differences for the pollinators and visited plants remain to be investigated. In Appendix A, I 

review the literature for sex-associated differences in pollinator behavior to assess the 

occurrence of these differences across different pollinator taxa, the magnitude of these 

differences, the degree to which differences are consistent and predictable, and what is 

known about how these differences affect plant reproduction.  

In this review I document large and consistent differences in the foraging patterns 

of male and female pollinators that have the clear potential to affect plant reproduction and 

in some cases have been directly demonstrated to do so. In particular, males and females 

differ in visitation frequency, type of flowers visited, and per-visit pollen transfer. Female 

behavior is in large part associated with offspring provisioning behavior, which impacts the 

resources they gather from flowers and the frequency with which they gather these 

resources. Male behavior is primarily associated with mate searching, which causes males 

to display more mobile foraging patterns than females such as long inter-flower travel 
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distances and shorter patch retention times. Furthermore, sexual dimorphism in sensory 

structures and overall body size may influence the flowers males and females are attracted 

to as well as which they are able to physically access.  

I argue that these sex-associated patterns have broad generality across pollinators, 

and that sex-associated differences can in some cases be larger than differences between 

species. I predict that these patterns will influence pollinator preference, specialization, 

and fidelity, as well as the cost, quality and quantity of pollination service to plants. In the 

face of increasing threats to plant-pollinator interactions, understanding their basic 

functioning and the variation inherent in their component parts is critical. I therefore 

advocate for more attention to sex-based differences among pollinators in particular, and 

the consequences of intraspecific variation more broadly. 

Appendix B - Linkages between nectaring and oviposition preferences of Manduca 

sexta on two co-blooming Datura species in the Sonoran Desert 

The oviposition choices of female phytophagous insects determine the environment 

that their offspring will experience, affecting both larval performance and host plant 

fitness. These choices, however, may be influenced by other activities, such as nectar 

foraging. In the Sonoran Desert, Manduca sexta (Lepidoptera: Sphingidae) oviposits 

primarily on the perennial herb Datura wrightii. It has been reported to oviposit on the 

smaller-flowered, co-blooming, sympatric annual Datura discolor as well. Datura is also M. 

sexta’s most important source of nectar in this region. Nectaring and oviposition decisions 

thus determine M. sexta’s reproductive success, as well as the relative benefits (pollination) 

and costs (herbivory) that each Datura species derives from this interaction.  
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In Appendix B, I investigate how female oviposition behavior is influenced by the 

presence of flowers on their host plants. Specifically, I experimentally manipulated the 

presence of D. wrightii and D. discolor flowers in mixed-species arrays to examine how 

flower presence and identity influenced the number of eggs M. sexta females laid on each 

host. To assess the potential consequences of these oviposition choices for offspring 

performance, I also reared M. sexta larvae on the two hosts in both the lab and the 

greenhouse.  

I found that nectaring and oviposition were behaviorally linked, with M. sexta 

preferring the perennial D. wrightii as both a nectar source and larval host when given a 

choice between the two species. This preference disappeared, however, when only D. 

discolor bore flowers. In the laboratory, larvae developed at equal rates when fed D. 

wrightii or D. discolor leaves, but survival was higher on D. wrightii when larvae fed on 

intact plants. These findings suggest that while female preferences match larval 

performance in most cases, the link between nectaring and oviposition may at times bias 

moths to lay eggs on inferior larval hosts. This same link may also influence the flowers 

female moths visit, thereby contributing to sex-associated foraging differences in this 

species.  

Appendix C - Sex differences in the foraging behavior of Hyles lineata 

Within-species variation in pollinator behavior has been widely observed, but its 

direct causes and consequences have been minimally investigated. As reviewed in 

Appendix A, is often associated with large differences in behavior and morphology, and 

these may generate predictable differences in nectar foraging. To date, however, these 

predictions have not been explicitly tested, and their basis in the existing literature 
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primarily emerges from work on a single taxon, bees. Thus, testing these predictions across 

other taxonomic groups is critical to determine whether they are applicable across species.  

In Appendix C, I investigate sex-associated differences in the foraging behavior of 

the generalist hawkmoth Hyles lineata. First, I analyze an extensive dataset of pollen loads 

collected from wild moths over five years to determine whether males and females differ 

consistently in their foraging patterns. As predicted, I found that the pollen loads of male 

and female H. lineata were consistently different across five years, suggesting that moth sex 

is in fact associated with consistent differences in foraging. Specifically, I found that females 

carry larger and more species-rich pollen loads than males. 

To examine potential mechanisms driving this pattern, I tested two hypotheses: 1) 

females switch less frequently among resources than males, and 2) males have higher flight 

endurance and dispersal ability than females. I found that wild-foraging moths switched 

resources relatively infrequently, and contrary to my prediction the rate of switching did 

not differ between sexes. This result contrasts with results from bees, and suggests that 

reduced floral fidelity is unlikely to explain why females carry more species-rich pollen 

loads. Consistent with my second hypothesis, males had higher flight endurance than 

females. This may cause long-flying males to bypass many floral resources, while females 

forage on more diverse resources available within smaller localized areas. Together, these 

results support the prediction that consistent foraging differences associated with sex exist 

outside of a few well-studied taxa, but highlight a need to better understand the 

mechanisms that generate these patterns. In particular, understanding how these 

mechanisms vary across taxa is a critical next step.  
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Appendix D - Among-individual variation in diet breadth in specialist and generalist 

hawkmoths 

Diet breadth is a core component of pollination ecology. From the animal 

perspective it determines the availability of resources, while from the plant perspective it 

can influence the quality and quantity of pollen donated and received. Though 

specialization is often categorized at the species level, there is increasing recognition that 

variation below this level can have important ecological and evolutionary consequences. 

How pollinator individuals vary in specialization, however, has only been minimally 

studied. In particular, the degree to which partner richness vs. evenness vary at this level is 

unknown. 

In Appendix D, I use the pollen loads carried by the hawkmoths Manduca sexta, M. 

quinquemaculata, and Hyles lineata to examine 1) whether pollen load richness and 

evenness are both lower at the individual level compared to the population level; 2) 

whether individuals within specialist species carry less diverse loads than individuals in 

generalist species; 3) whether population-level diet breadth is a stronger driver of 

variation than body size and sex; and 4) whether individuals within specialist species are 

more variable in their pollen load diversity than individuals in generalist species.  

I found that at the population level, H. lineata, considered a generalist, carried twice 

as many pollen species than did either Manduca. At the individual level individuals within 

all three species varied extensively in pollen load diversity, but and the majority of 

individuals across all three species carried loads with similarly low pollen species richness. 

Pollen load evenness, on the other hand, was lower for individuals within the two specialist 

Manduca species relative to the generalist Hyles. Manduca individuals also showed lower 
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among-individual variation than did Hyles. Together these components paint a very 

different picture of how M. sexta, M. quinquemaculata and H. lineata interact with their 

partners than any individual component by itself. Specifically, they suggest that H. lineata 

individuals choose among many flower species, but that each visits different species in 

relatively even proportions. Manduca individuals choose among fewer species and most 

individuals visit a similar subset of taxa, and though they sample other flowers the majority 

of their foraging effort focuses on those two. I therefore echo previous calls for increased 

study of intraspecific variation in plant-pollinator interactions and in species interactions 

more generally to better understand how diet breadth can vary below the species level in 

other systems. 
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Abstract 

1. Intraspecific variation in floral visitor behavior and pollination efficiency has been much less 

studied than interspecific variation. Nevertheless, it is clear that large differences in these traits 

exist within species, and in particular between sexes within species. With the exception of a few 

well-studied interactions, however, the consequences of these differences for the pollinators and 

visited plants remain to be investigated.  

2. In this review we document large and consistent differences in the foraging patterns of male 

and female pollinators that have been demonstrated to directly affect plant reproduction or that 

have clear potential to do so.  

3. Males and females differ in visitation frequency, type of flowers visited, and per-visit pollen 

transfer. Females gather more and different resources from flowers compared to males, and 

males generally tend to show mobile foraging patterns than females.   

4. We argue that these sex-associated patterns have broad generality across pollinators, and that 

sex-associated differences can in some cases be larger than differences between species. We 

offer predictions about how these patterns will influence pollinator preference, specialization, 

and fidelity, as well as the cost, quality and quantity of pollination service to plants. 

5. In the face of increasing threats to plant-pollinator interactions, understanding their basic 

functioning and the variation inherent in their component parts is critical. We advocate for more 

attention to sex-based differences among pollinators in particular, and the consequences of 

intraspecific variation more broadly. 

 

Keywords: Pollination, Intraspecific variation, Sex, Offspring provisioning, Mate searching, 

Sexual Dimorphism 
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Introduction 

In mutualistic interactions, the fitness of an individual critically depends on the quality 

and quantity of goods or services its partners provide (Noë and Hammerstein 1995; Kiers and 

Denison 2008). The consequences for mutualists of interacting with different partner species are 

therefore frequently compared (e.g., Palmer et al. 2001, Sachs et al. 2010). Comparing the effects 

of different partner species in this way, however, often ignores extensive variation known to 

exist within each partner species (e.g., Parkinson et al. 2015; Zwolack 2018). Increasing 

evidence suggests that this variation can affect the outcome of species interactions (e.g., Tur et 

al. 2014; Des Roches et al. 2017). Understanding the predictability, magnitude, and 

consequences of intraspecific variation is critical for understanding how mutualists interact with 

complex assemblages of potential partners in nature.  

Intraspecific variation in partners should have particularly large consequences for many 

angiosperms, for which floral visitors play a crucial role in reproductive success via pollen 

transfer (Takayama and Isogai 2005; Klein et al. 2007; Ollerton 2017). In plant-pollinator 

systems, differences in plant reproductive success can be a direct outcome of relatively small 

differences in the behavior of nectar and pollen foragers. As in other mutualisms, comparisons of 

partner effectiveness in plant-pollinator interactions are typically made among alternative partner 

species (Thomson and Goodell 2001; Terblanche and Anderson 2010) and guilds (e.g., 

Castellanos et al. 2003; Bischoff et al. 2013), but rarely among individuals within a species (but 

see, e.g., Lichtenberg et al. 2018).  

A number of identifiable drivers are associated with large and consistent differences in 

the behavior of individuals. One of the most significant drivers of variation within species is an 

individual’s sex (Andersson 1994; Fairbairn et al. 2007; West-Eberhard 2014). Sex is associated 
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with marked differences in the behavior of animals across taxa, from dietary preferences (e.g., 

Barboza and Bowyer 2000; De Lisle and Rowe, 2015) and foraging strategies (e.g., Le Boeuf et 

al. 2000; Nakashima and Hirose 2003) to habitat use (e.g., Wearmouth and Sims 2008; Levin et 

al. 2013) and dispersal (e.g., Clarke 1997; Perry and Garland 2002). It is reasonable to suppose, 

therefore, that sex will drive consistent and predictable differences in the flower foraging 

behavior of pollinators, as habitat use, dispersal, and dietary differences could all influence the 

number and identity of flowers encountered by males and females.  

In this review, we describe what is known about sex differences in pollinator behavior, 

make predictions about the generality of these differences across pollinator taxa, and discuss the 

consequences of pollinator sex-associated differences for visited plants. We report that males and 

females show striking differences in foraging patterns, including floral preferences, foraging 

frequency, constancy, and pollen deposition rates, all of which have been shown to influence 

plant reproduction. We review foraging differences in four major categories: 1) those associated 

with offspring provisioning, 2) those associated with mate searching, 3) those associated with 

sexual dimorphism, and 4) those associated with selective attraction by plants of one sex or the 

other. Finally, we discuss the generality of the described patterns across pollinator taxa and 

predict how they are likely to influence plant reproduction.  

The types of intraspecific variation that have been observed, the taxa in which they have 

been observed, and their potential impacts on plant reproduction are summarized in Table 1. 

Each category is discussed in detail in the subsequent sections of this review. While there is 

evidence for all these phenomena, it is important to point out that it is impossible to weigh their 

relative prevalence in nature due to the differential attention researchers have given to certain 

pollination systems and pollinator taxa. Readers will note many examples involving bees and 
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therefore a more thorough treatment of this group, but fewer examples involving groups such as 

butterflies, moths, beetles, and flies. Vertebrate pollinators such as bats and hummingbirds are 

only lightly represented. We discuss this and other biases in the existing data at the end of this 

paper.  

 

Sex differences in offspring provisioning 

One of the clearest behavioral differences between the sexes of many floral visitors is that 

only the females provision their offspring with food derived from flowers. In these species, 

females must forage not only for the resources they use themselves, but also for resources their 

offspring require. Brood provisioning is one of the clearest examples: female workers in colonies 

of social bees, as well as female solitary bees, actively collect nectar and pollen to provision 

brood. Similarly, in hummingbirds, mothers feed their chicks both insects and regurgitated nectar 

(Carpenter and Castronova 1980). In contrast, males are generally not involved in offspring 

provisioning. Male social and solitary bees, for example, exclusively forage for nectar to fuel 

their own flight, but gather neither nectar nor pollen for their offspring (Ne’eman et al. 2006; 

Wolf and Moritz 2014). Indeed, males of the solitary bee Anthophora pulmipes on average carry 

only one-tenth of the nectar that females do (3.1 vs 33.1 mg, Stone 1995). Perhaps, as a 

consequence, males of Andrena, Anthophora, Eucera, and Habropoda bees and Bombylius flies 

make shorter visits to flowers than do female conspecifics (Motten et al. 1981; Ne’eman et al. 

2006). Male honey bees do not forage at flowers at all, preferring to feed from female-

provisioned honeypots in the colony (Free 1957; Shafir et al. 2005). Despite not actively 

collecting pollen, or perhaps because they do not pack pollen into collecting structures, male 

Peponapis and Bombus bees do become covered in pollen and are effective pollinators, in some 
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cases depositing similar amounts of pollen on stigmas as females (Cane et al. 2011, Wolf and 

Moritz 2014; Ogilvie and Thomson 2015, but see Cane 2002).  

The difference in floral resources, however, drives differences in visitation: because 

nectar and pollen presence and quality may sometimes be indicated by different stimuli (e.g., 

Dobson et al. 1999; Dotterl and Jurgens 2005) and can require different foraging behaviors to 

collect (Buchmann 1983; Thorp 2000; Cardinal et al. 2018), acquiring both resources often 

requires pollinators to visit different flower species. Thus, males and females may differ in their 

visitation rates to different flower species and in their floral constancy (sensu Waser 1986). 

Indeed, male and female solitary bees and bumble bees carry pollen loads that differ in pollen 

species composition (Ne’eman et al. 2006; Wolf and Moritz 2014; Ritchie et al. 2016) and total 

load size, such that females carry more pollen than males (Pascarella 2010; Wolf and Moritz 

2014). Male bumble bees also differ in their proportion of visits to different plant species, with 

Bombus lapidarius males visiting Circium vulgaris flowers at much higher rates than females 

(Carvell et al. 2007). Furthermore, pollen foragers can in some cases deposit less pollen on plant 

stigmas than do nectar foragers (Wilson and Thomson 1991).  

Species in which females provision their developing eggs with nutrients from flowers are 

likely to exhibit similar sex-based differences to the nest-provisioning species described above, 

as they too gather food specifically to feed to their offspring. For example, females of the Adonis 

Blue butterfly Lysandra bellargus (Lycaenidae) forage at flowers of species whose nectars have 

relatively more amino acids, while males forage on flowers with relatively higher sucrose 

concentrations (Rusterholz and Erhardt 2000). Similar consumption by females of relatively 

higher-protein diets has been observed in Heliconius butterflies, which are unusual among 

Lepidopterans in that they feed on pollen as adults (Boggs et al. 1981; Cardoso 2001). During the 
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reproductive season, female Leptonycteris curasoae bats consume more pollen than fruits, while 

males have more even diets (Martino et al. 2002). Outside of this season, males and females have 

similar diets. In both insects and bats, females likely use the extra protein from the pollen to 

provision their eggs and offspring, whereas males prioritize a sugar-rich diet to fuel their own 

flight and mating displays. Females of the hawkmoth Manduca sexta (Sphingidae) have been 

shown to allocate amino acids from nectar to their eggs (Levin et al. 2017a). Although females 

do metabolize some nectar-derived amino acids in their flight muscles, more C13-labeled amino 

acids are found in the oviposited offspring than in the mother. Male M. sexta, on the other hand, 

allocate relatively more nectar-derived amino acids to their flight muscles than do females 

(Levin et al. 2017b). To our knowledge, the allocation patterns of floral-derived nutrients are not 

known for Lysandra or Heliconius butterflies, but if they follow the same general pattern as 

Manduca, then the protein requirements of egg provisioning would likely account for the extra 

effort females of these species spend collecting protein.  

Given that eggs contain large amounts of water, such as over 70% of their mass in M. 

sexta (Kawooya and Law 1988), water might be another floral-derived resource that could be 

more important to females than males. For example, if allocation to eggs is limited by water, 

females may prefer to visit plants whose flowers contain lower nectar concentrations and higher 

nectar volumes than males, which might prefer to carry lower volumes of more concentrated 

nectar to reduce their flight load. Although this idea has not been tested directly, at least in 

Sonoran Desert, USA habitats, M. sexta does appear to be water-limited, despite feeding entirely 

on nectar as adults: moths preferentially feed on more dilute nectar in dry conditions and more 

concentrated nectar in humid conditions, while keeping total energy intake constant (Contreras et 

al. 2013). Furthermore, Sonoran Desert M. sexta females spend more time than males visiting 
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Agave palmeri flowers, which have higher volumes of more dilute nectar than the flowers of 

male-preferred Datura wrightii (Alarcón et al. 2008, 2010). This preference holds despite the 

fact that D. wrightii is the primary oviposition host used by female moths (Bronstein et al. 2009; 

Smith et al. 2018), suggesting that water content is important enough of a nectar trait that it 

overrides M. sexta’s intrinsic preference for Datura.  

In addition to driving differences in resource use, brood provisioning also changes the 

movement patterns of foraging females. Female bees must frequently return to the nest, and are 

therefore central place foragers (Orians and Pearson 1978; Pyke 1984), while males are free to 

range much further (Ne’eman et al. 2006; Wolf et al. 2012). In the bumble bee Bombus 

terrestris, this difference in movement is associated with a difference in spatial learning: females 

perform learning flights to memorize the location of both their nest and floral resources, whereas 

males only perform such flights to learn floral resources (Robert et al. 2016). Because males in 

these species are not constrained to stay at a single site, they may be more likely to visit distant 

conspecific flowers and therefore to deposit relatively more outcross pollen. This idea has been 

proposed by several authors (e.g., Ne’eman et al. 2006, Ostevik et al. 2010), but to our 

knowledge has not been directly tested.  

Finally, searching for larval hosts can affect the type of flowers some female insects visit 

within a given area. This should be particularly apparent when adults visit the same plant species 

to both nectar and lay eggs, as has been noted for a large number of butterflies and moths 

(Altermatt and Pearse 2011). Spending time at these plants while laying eggs may therefore bias 

those females to visit the flowers of host plants relatively more frequently than the the flowers of 

non-host plants. In Lepidoptera such as Manduca sexta and Lycaeides melisa (Lycaenidae) 

nectaring and oviposition behavior are linked (Forister et al. 2009; Smith et al. 2018), such that 
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females will often visit a flower, assess host plant quality via nectar traits (Adler and Bronstein 

2004; Sharp et al. 2009), then lay eggs on the same plant. From the plant’s perspective, herbivory 

inflicted by pollinator offspring is therefore a cost of mutualism, and one inflicted only by 

females. While experimentally manipulating flowers can influence oviposition behavior and 

determine which plants receive eggs (e.g., Karban 1997; Janz et al. 2005; Smith et al. 2018), to 

our knowledge the manipulation of oviposition resources has not been directly shown to 

influence nectaring behavior.  

 

Sex differences in mate searching 

While females often exhibit more offspring provisioning behavior than males, males 

often exhibit relatively more mate-searching behaviors. As such, males are often observed to be 

more mobile than females. This difference in mobility could translate into sex differences in the 

average distance moved between flowers, the diversity of floral resources encountered, and patch 

retention times, all of which could influence the quantity and quality of pollen transfer. High 

mobility in males has been observed in a number of pollinating species, such as Lysandra 

bellargus butterflies, in which males fly longer distances than females between successive 

flowers (Rusterholz and Erhardt 2000), and in hunchback flies (Acroceridae), in which males 

visit fewer flowers per patch and move more quickly to new patches compared to females 

(Borkent and Schlinger 2008). Several species of Hymenoptera show similar patterns: male 

solitary bees and Bombus spp. drones fly longer distances between flowers (e.g., Ne’eman et al. 

2006; Wolf and Moritz 2014; but see Jennersten et al. 1991), blueberry bee (Habropoda 

laboriosa) males move more quickly between flowers (Pascarella 2010), and Bombus impatiens 

drones move between flower patches more frequently than females (Ostevik et al. 2010). 
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Bombus terrestris males’ minimum dispersal distance from their natal colony has been estimated 

to be larger than the maximum female foraging range (Kraus et al. 2009; Wolf et al. 2012). 

Indeed, male bumble bees appear to be ‘built’ for extensive flight, as their relatively larger wings 

per body size and slower wing-beat frequencies allow them to fly more efficiently than workers 

(Darveau et al. 2014). Similar flight efficiency patterns are seen in a many other pollinator taxa, 

such as Heliconius butterflies (Mendoza-Cuenca and Macías-Ordóñez 2005) and Manduca sexta 

(G. Davidowitz, unpublished data). 

Longer flight distances could increase the outcrossing rate and pollen dispersal range of 

visited flowers, so long as males stay faithful to a single plant species. However, long-distance 

movement could also increase the possibility of heterospecific pollen transfer if males move out 

of a patch of conspecific flowers (Morales and Traveset 2008). Indeed, for several solitary bee 

species, males moved longer distances between flowers and carried lower proportions of 

conspecific pollen than females, which made short flights to nearby conspecific flowers 

(Ne’eman et al. 2006). The lower floral fidelity by males implied by these results is probably not 

due to learning deficiencies: drone bees learn just as well as workers in lab tests using both 

olfactory and visual learning cues (Sommerlandt et al. 2012; Lichtenstein et al. 2015).  

In some pollinator species, males can be constrained to a single location by territorial 

behavior, similarly to how females can be constrained by nesting. For example, male Amazilia 

fimbriata hummingbirds defend patches of resources to attract females (Maruyama et al. 2016). 

Because males rarely leave their territories, the vast majority of their floral visits are to a few 

closely situated, and often closely related, plant individuals. Females, on the other hand, move 

among patches readily, carry much higher loads of outcross pollen, and therefore generate higher 

seed-set per visit (Maruyama et al. 2016).  Similar territorial defense and patrolling by males is 
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also seen in some insect pollinators, including cactus bees (Diadasia spp.; Ordway 1987), wool-

carder bees (Anthidium manicatum; Severinghaus et al. 1981), blueberry bees (Habropoda 

laboriosa; Pascarella 2010), pollen-collecting masarine wasps such as Pseudomusaris vespoides 

(Alcock et al. 1978), small-headed flies (Acroceridae; Luz 2004), and some butterflies (e.g. Ide 

2004). Although this has not been tested directly to our knowledge, we hypothesize that males of 

these species could also carry less outcross pollen and thus lead to lower plant reproductive 

success compared to female visitors, as has been seen in Amazilia fimbriata hummingbirds.  

Finally, mating strategy can influence the phenology of the sexes, and this in turn can 

influence the plants they pollinate. Protandry is common in insects, especially butterflies 

(Wiklund and Fagerstrom 1977) and some bees (e.g., Minckley et al. 1994), and is thought to be 

driven by competition among males for mates. In some species, this competition can cause males 

to emerge up to two weeks before females (Wiklund and Fagerstrom 1977). Some flowering 

communities can change dramatically over these time scales, however (e.g., CaraDonna et al. 

2017). In these cases, males and females of the same pollinator species can encounter very 

different flower species. Similar floral encounter differences can also occur when males and 

females differ in their yearly migration times or activity patterns, as has been observed in the 

pollinating bat Leptonycteris curasoae (Stoner et al. 2003). Though sex differences in diet were 

not directly tested in this study, sex ratio and principal dietary pollen both varied over the course 

of the year in this bat species.  

Males and females can also differ in their diurnal foraging activity patterns. For example, 

males of the solitary bee Anthophora plumipes forage more in the morning and females more in 

the afternoon, while the reverse is true for Bombus terricola (Jennersten et al. 1991; Stone 1995). 

Male and female Eonycteris spelaea bats (Chiroptera: Pteropodidae) often return to their roosts 
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at different times after foraging (Bumrungsri et al. 2013). As flower opening and closing can be 

rapid and is often determined by light (van Doorn and van Meeteren 2003), flower availability 

can vary over the course of the day and influence the flowers that males and females encounter.  

 

Sex differences in morphology  

Body size and feeding morphology  

Males and females frequently differ in morphology and physiology in ways that can 

influence pollination, either by underlying the behavioral differences described above or by 

directly influencing floral foraging. A common and potentially important morphological 

difference between the sexes is body size. Many bees (Helms 1994), butterflies (Wickman 1992), 

moths (Camargo et al. 2015), and hummingbirds (Berns and Adams 2013) are sexually size 

dimorphic. For example, hawkmoth females are larger than males, with average differences in 

tongue length being over a centimeter in some species (e.g., the hawkmoth Manduca 

quinquemaculata: male mean proboscis length = 11.2 cm, female = 12.4 cm; J.L. Bronstein and 

G. Davidowitz, unpublished data). As many flowers have nectar spurs, deep corollas, or other 

structures that restrict access to the rewards they offer based on morphology, a pollinator’s size 

and in particular the length of its mouthparts can determine which flowers are successfully 

visited, the pollination services provided to the plant, and the handling efficiency of the 

pollinator (Nilsson 1988). Even if the visitor can access nectar, morphological mismatches 

between flower and visitor may reduce the efficiency of foraging (Klumpers et al. 2019). It will 

also potentially reduce the quality of pollen transfer, as it will affect the likelihood that the same 

part of the pollinator’s body contacts both the anthers and the stigma. Morphological mismatches 

of this type have been observed in hummingbirds, hawkmoths, euglossine bees and long-tongued 
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flies, with differences between the location of pollen pickup and subsequent stigma contact 

reducing pollen removal and deposition in visited flowers (Feinsinger 1978; Nilsson 1988; 

Steiner and Whitehead 1991; Johnson and Steiner 1997; Gowda et al. 2012).  

The best empirical evidence that sexually dimorphic feeding morphology influences 

pollination is seen in the Purple-throated Carib hummingbird Anthracothorax jugularis (formerly 

Eulampis jugularis) (Remsen et al. 2015). In this species, male bills are markedly shorter and 

straighter than female bills, allowing males to forage more efficiently from the short, straight 

flowers of Heliconia caribaea, whereas females, with longer, curved bills, forage more easily 

from the longer and more curved flowers of H. bihai (Temeles et al. 2000). It has been argued 

that the dimorphism in A. jugularis has driven the evolution of these floral traits, as each 

Heliconia species has independently evolved a floral morph resembling the other species on two 

nearby islands where its congener is absent (Temeles et al. 2000; Temeles and Kress 2003). The 

evolutionary origin and maintenance of these morphs suggests that sex differences in A. jugularis 

foraging can have significant impacts on pollen flow and may even drive reproductive isolation 

between male-visited and female-visited plants (Temeles and Kress 2003). Positive directional 

selection on corolla length has also been observed in the deeper-flowered, female-visited species 

H. bihai in the field (Temeles et al. 2013), and in greenhouse studies females select for longer 

corollas in H. caribaea (Temeles et al. 2016). Similar morphological and behavioral differences 

between males and females have been observed in a number of other hummingbird species 

(Temeles et al. 2010), raising the possibility that these species segregate floral resources by sex 

as well.  

While resource segregation between male and female floral visitors has not been directly 

observed outside of hummingbirds, the types of tradeoffs in foraging efficiency that underlie 
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those patterns have been reported in bees: larger individuals are more efficient at removing 

nectar from flowers with long corollas, but less efficient at nectaring from flowers with short 

corollas (Peat et al. 2005). Possibly as a result, large bee individuals that can access more 

resources have been observed to specialize on flowers that their competitors have trouble 

accessing (Pyke et al. 2012; Miller-Struttmann et al. 2015). Because female social and solitary 

bees are larger than males (Helms 1994; Boomsma et al. 2005), the sexes may partition floral 

resources based on accessibility, similar to the hummingbird Amazilia jugularis.  

 Larger individuals also have larger guts and larger surface areas than smaller individuals, 

and therefore would be expected to carry larger nectar and pollen loads independent of which 

flowers they visit. For example, male flies in the genus Chiastocheta carry less pollen than do the 

larger females, and as a consequence males fertilize less than half of the ovules that females do 

per visit (Després 2003). Though this has only been investigated for workers, similar load 

patterns have been observed in B. terrestris, where large workers carry more nectar and pollen 

on their bodies than small individuals (Goulson et al. 2002). Furthermore, larger workers can 

gather more pollen per unit time than can small workers (Spaethe and Weidenmüller 2002). 

Thus, at least with respect to pollen, larger pollinators are more efficient at gathering and 

transporting floral rewards. If this higher efficiency in gathering resources (be it pollen or nectar) 

holds when comparing smaller males to larger females, females might be expected to forage at a 

higher frequency, visit more flowers per bout, and transfer more pollen per visit than males.  

Additionally, body size can influence how sexually dimorphic species interact with 

flowers. For example, the centrally placed anthers of Claytonia virginica act as obstacles to be 

crawled over for small Andrena erigeniae bee males, but they can simply be pushed past by the 

larger females (Motten et al. 1981). Handling differences such as these may cause males and 
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females to collect pollen on different body parts, as has been observed in Habropoda laboriosa 

bees (Pascarella 2010). Furthermore, the nectar of many flowers is accessible only to pollinators 

that are heavy or strong enough to push past keels (Córdoba and Cocucci 2011; Córdoba and 

Cocucci 2017) or to trigger flower opening (Edwards et al. 2005). These mechanisms may 

discriminate against visitation by males, but not females, for some pollinator taxa.  

 

Sensory biases  

In many species, different sensory modalities are used to find food and to find mates. 

This difference in sensory mode use can influence the foraging behavior of males and females. 

For example, in Hymenopterans, males are thought to rely heavily on vision when finding 

females (van Praagh et al. 1980), whereas females rely much less on vision when foraging for 

flowers. This difference in tasks may account for why males have much larger eyes than females 

in some bees (van Praagh et al. 1980). Furthermore, there is evidence that sensory differences 

affect flower foraging. In the oil bee Macropis fulvipes (Melittidae), both males and females 

specialize on Lysimachia spp. flowers, with males collecting pollen while females collect pollen 

and oil. When presented with an array of visual versus olfactory cues of Lysimachia, naïve 

females show a bias towards olfactory signals over visual signals, whereas naïve males show a 

bias in the opposite direction (Dötterl et al. 2011). If similar patterns hold true in other species, 

we predict that females will preferentially visit flowers with strong olfactory cues, whereas males 

will preferentially visit flowers with highly contrasting or bright visual cues. 

 In insect groups such as Lepidopterans and Coleopterans, olfaction is critical for both 

males and females, although for different reasons: males must detect and track female 

pheromones, whereas females must follow host plant volatiles. The specific chemical 
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sensitivities may consequently differ between the sexes. For example, males of Manduca sexta 

hawkmoths and Leptura spp. beetles (Cerambycidae) are much more sensitive than females to 

pheromones (Christensen et al. 1989; Kaissling et al. 1989; Zhang et al. 2011), whereas 

Manduca sexta females are more sensitive than males to host volatiles (Fraser et al. 2003). 

Sexual dimorphism in the antennae or the antennal lobes of the brain has been observed in many 

Lepidopterans (e.g., Rospars 1983; Koontz and Schneider 1987; Ochieng et al. 1995; Rospars 

and Hildebrand 2000), long-horned bees (Eucerini; Streinzer et al. 2013), and beetles (e.g., 

Møller and Zamora-Muñoz 1997), and is likely associated with sensitivity differences between 

males and females similar to those seen in Manduca or Leptura.  These sensitivity differences 

may cause male and female visitors to detect floral signals at different cue strengths, which could 

generate visitation biases. Given that flowers emit many chemicals also found in insect sexual 

signals (Knudsen et al. 1993; Schiestl 2010; Schiestl 2017) and that flowers are known to co-opt 

insect sexual signals to attract pollinators (Schiestl and Dötterl 2012), floral signals may 

frequently contain sex-associated cues whose detection thresholds are most likely to diverge 

between pollinator sexes.  To our knowledge, however, olfactory biases between males and 

females have not been demonstrated in the context of flower foraging.  

 

Plant traits: selective attraction of one pollinator sex 

Possibly as a result of the sex-specific foraging patterns discussed above, many plants 

have evolved ways to preferentially attract only one sex of visitor, specifically, the sex that is the 

better pollinator. For example, species across more than ten plant families exploit female insect 

parental care behavior by deceiving females searching for oviposition sites.  The most common 

examples are plants that mimic carrion or feces cues used by flies that breed on those substrates 
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(e.g., Lack et al. 1991; reviewed in Urru et al. 2011; Schiestl 2017). These flowers therefore 

primarily attract female flies, though males do occasionally visit looking for mates (Renner 

2006). Ten other plant families have evolved to provide oil in their flowers through specialized 

structures called elaiophores in order to attract female bees (Vogel 1969; Possobom and 

Machado 2017), which use this oil for nest construction and larval food (Buchmann 1987). In 

most of these bee species, males do not visit the flowers at all (e.g., Martins et al. 2013; though 

see Schäffler and Dötterl 2011; Cappellari et al. 2012).  

Other plants have an even closer relationship with female floral visitors.  In pollinating 

brood-parasitic insects (e.g., fig wasps, yucca moths, and leafflower moths), gravid females are 

the primary pollinators of plants whose developing fruits they use as larval hosts (Hembry and 

Althoff 2016; Kato and Kawakita 2017). Because pollinating these flowers ensures fruit 

development and therefore food for the larvae, female visitors often actively pollinate before or 

after they lay their eggs; many of the plants offer no floral rewards other than their developing 

seeds. In some cases the females have evolved structures to aid in the pollination process, such as 

the grasping tentacles of yucca moths (Pellmyr 2003) or the pollen-collecting scales of senita 

moths (Fleming and Holland 1998). The males in these species typically lack these structures; in 

fig wasps, the wingless males never leave their natal fig (Cook and Rasplus 2003). Some brood-

parasitized plant species, however, do offer rewards to their visitors beyond developing seeds. 

These include Trollius europeaus, which offers a mating site for Chiastocheta flies (Després 

2003), and Silene latifolia, which provides nectar to Hadena bicruris moths (Labouche and 

Bernasconi 2010). In these species, males can contribute to pollination as well: Chiastocheta 

males are less efficient than females due to their small size and short visits (Després 2003), but 

male H. bicruris have similar per-visit fruit set efficiencies as females for S. latifolia. Male H. 
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bicruris visit flowers at lower rates than females, however, given that the flowers offer males one 

reward (nectar), but offer females two (nectar and oviposition sites; Labouche and Bernasconi 

2010).  

Just as some plants attract oviposition site-searching females, others specifically attract 

mate-searching males. For example, a number of species from several plant families have 

evolved to specifically attract male euglossine bees as floral visitors by offering fragrant waxes 

that the bees use in mate attraction (Eltz et al. 1999). Other plants take this a step further, and 

attract male insects by mimicking female cues (Johnson and Schiestl 2016). The most notable 

groups of such plants are Ophrys and Chiloglottis orchids (e.g. Schiestl et al. 1999; Peakall et al. 

2010), in which each species produces flowers that mimic the visual, chemical, and tactile cues 

of a female wasp from a different wasp species. These cues are convincing enough that male 

wasps attempt to copulate with the mimics, thereby transferring pollinia between flowers. 

Similar cues have also been reported in the daisy Gorteria diffusa (Asteraceae), in which round 

iridescent growths on the flowers’ petals mimic female bombyliid flies, increasing the duration 

of male visits and pollen export rates (Ellis and Johnson 2010; de Jager and Ellis 2012).  

 

Predictions and future directions 

State of the data 

The studies discussed above showcase differences between pollinator sexes and provide 

evidence that visitor sex is associated with a number of behavioral patterns that have elsewhere 

been shown to influence plant-pollinator interactions. Many of these studies do not, however, 

directly demonstrate that those behavioral patterns translate into differences in the pollinator 

service received by plants (see Table 1). Of those that show differences in service, the majority 



 52 

stop at the visitation phase, rather than continuing through to more direct measures of plant 

fitness such as pollen deposition or fruit set. The use of fitness proxies such as visitation in 

pollination biology is by no means a trend limited to sex-associated differences in pollinators. 

For the studies cited in this review, the use of visitation is likely due to many studies focusing on 

the pollinator’s perspective rather than the plant’s perspective. Thus, for example, we know that 

male floral visitors tend to be more mobile and dispersive than females, but not how this 

behavior influences pollen transfer between plants. Furthermore, many of the differences relating 

to sexual dimorphism and sensory biases have not been directly investigated in the context of 

pollination at all. Integrating plant and animal perspectives and directly measuring the 

consequences for both partners is a critical next step in studying sex differences in pollinators. 

Additionally, while this review contains many examples of field-observed patterns, it touches 

upon far fewer controlled experiments. More evidence from direct experimentation would 

strengthen the inferences we make based on field data.  

It is critical to recognize that the taxonomic breadth of our current knowledge has clear 

biases and therefore important gaps. Perhaps again reflecting trends in pollination biology in 

general, much of the work we discussed focuses on a few groups of bees.  Much less work has 

addressed sex differences in Lepidopterans, flies, beetles, or vertebrates. Studies of bat 

pollinators are scant and not always consistent in their findings. Interestingly, despite the fact 

that sex-based differences have primarily been explored in only two hummingbird pollination 

systems (Anthracothorax, Temeles 2000; Amazilia, Maruyama 2016), these studies provide some 

of the best evidence that sex differences in those species have direct consequences for plant 

fitness. While these taxonomic biases do not discount the phenomena we have reviewed, they do 

make weighing the importance and prevalence of different patterns difficult. Given that sex-
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associated differences have the potential to influence foraging across taxonomic groups, more 

work is clearly needed. For example, some of the phenomena discussed above are at present 

supported by evidence from few or even a single species. Further study across more pollinator 

groups is critical to determining which of these patterns are driven by taxon-specific behaviors 

(e.g., nest provisioning in bees) versus more general sex-associated behavioral patterns (e.g., 

allocating resources to offspring). For instance, female solitary bees appear to be more constant 

than males (Ne’eman et al. 2006). Is this pattern due to central place foraging during nest 

provisioning, or do female Lepidopterans, which are not central place foragers, show higher 

constancy as well due to offspring resource requirements? Are species in which both sexes are 

constrained spatially (e.g., territorial males, nesting females) more similar in their foraging 

patterns than other species? Does central-place foraging only have a noticeable impact on the 

pollen that visitors carry when floral resources are particularly patchy, rather than more 

homogenous? Disentangling natural history from underlying patterns is a critical next step in 

assessing the generality of these findings. 

 

Visitor perspective: General patterns and predictions 

Despite gaps in our knowledge and important exceptions, some patterns appear to be 

consistent across species. In general, females gather resources for their offspring and spend more 

time provisioning and caring for them. Whether the resources are fed directly to growing larvae 

or provisioned to eggs, or whether parental care involves defending brood from predators or 

seeking optimal oviposition sites, the resource and time investments in these activities will 

influence the plant species that females visit, how often they forage, and what resources they 

remove from flowers. In particular, it appears that females tend to gather resources more quickly 
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than males, visit flowers at higher rates, and focus their efforts in particular on resources that 

benefit offspring (especially protein).  

Although they do not share the same time and resource constraints as females, males still 

must divide their time between feeding themselves and acquiring mates. In many species, males 

are therefore much more mobile than females as they search, moving longer distances between 

flowers, switching between patches more often, and dispersing longer distances at the landscape 

scale. They also appear to prioritize floral resources that fuel their flight. Together, these 

tendencies will likely affect the flowers they encounter and how far they move pollen. 

While these patterns based on time investment appear to be somewhat obvious in 

hindsight, they may in some systems generate differences between males and females larger than 

differences between species.  They also lead to multiple general predictions, the majority of 

which remain to be tested.  

1) Floral preference: Where females are feeding their offspring as well as themselves, we 

predict that females should favor flowers with abundant, reliable rewards, and be more sensitive 

to reward quality than males. Where females provision young with pollen, they should also be 

more attracted to flowers that only offer pollen as a reward. As males are moving longer 

distances and are only making brief visits at occasional flowers to fuel their searching, they may 

favor flowers with particularly strong cues that are attractive from a distance as they pass by.  

2) Specialization: We predict that females will be more specialized in their foraging than 

males. Providing for offspring requires females to gather resources efficiently, while males 

prioritize mate searching and may visit a wider variety of plants opportunistically. Alternatively, 

if diet mixing or oviposition-site searching require females to visit different flower species, they 

may be more generalized than males foraging only for nectar. If females prioritize offspring diet 



 55 

quality over quantity, they may also specialize more when foraging on pollen than when foraging 

on nectar, as pollen is known to vary in nutritional quality for developing offspring (e.g., 

Roultson and Cane 2000, Pasquale et al. 2013) while nectar sugar rewards mostly vary in 

quantity via nectar volume and concentration. Ensuring that offspring have high quality 

resources may be more important to females than ensuring that each nectar visit provides the 

maximum amount of flight fuel.  

3) Floral fidelity: The shorter, more frequent visits made by females should favor constant 

foraging patterns or short-term floral specializations more than the longer and less frequent visits 

made by males. Thus, in some cases females may be more likely to be short-term specialists (due 

to foraging efficiency), but long-term generalists (due to sampling and diet mixing). Temporal 

patterns consistent with this prediction have been observed in diet mixing bumble bee workers in 

the lab (Russell et al. 2017), though specialization was only tested at the level of nectar vs pollen 

rather than floral species.   

These general predictions, however, will not apply to every species. Even if the 

underlying sex-associated differences driving these behaviors are the same across taxa, they are 

modified by the natural history of the forager to produce the expressed foraging behavior. For 

example, male bees achieve high mating success by flying long distances searching for females, 

and therefore may carry more outcross and heterospecific pollen (and appear to do so in many 

cases). Male territorial hummingbirds, on the other hand, achieve high mating success by 

defending flower patches, and carry less outcross pollen than females. Similarly, while constancy 

may increase the foraging efficiency of female solitary bees filling brood cells, switching 

between flowers frequently to assess host quality may be important for some Lepidopteran 

females as they make oviposition decisions. Both of these foraging patterns increase resource 
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availability for the female’s offspring, but lead to opposite predictions of how often the females 

should switch between flower species.   

It is also worth noting that males and females will differ extensively in some species but 

very little in others. For example, males and females of species that specialize on one or few 

floral resources may forage more similarly than male and female generalists that can choose 

different diets from among their larger menu of available resources. The degree of variation may 

also differ between closely related species: some migratory pollinating bats (Leptonycteris spp.) 

do not differ in their foraging patterns (L. yerbabuenae and L. nivalis; Bogan et al. 2017) or diets 

(L. nivalis; Sanchez and Medellin 2007) by sex at all, while for other species in the same genus, 

males and females do have different diets (L. curasoae; Martino et al. 2002). Pollinator taxa 

therefore run the gamut from extreme differences between the sexes (e.g., fig wasps) to minimal 

differences between them (e.g., Leptonycteris nivalis).  Furthermore, some species display large 

differences between the sexes that do not have clear effects on interactions with flowers. For 

instance, males of many butterflies perform puddling behavior, in which they drink from puddles 

or other substrates to acquire minerals such as sodium that they use as nuptial gifts during mating 

(e.g., Mitra et al. 2016). While puddling clearly represents a difference in foraging between 

males and females, there is to our knowledge no evidence that the behavior influences floral 

visitation or the pollination service males provide to plants. Similarly, male bees are known to 

sleep in flowers, but if they preferentially sleep in flowers that are visited by females (e.g., 

Pinheiro et al. 2017), there may be little difference in the pollination services provided by the 

sexes. 

 

Plant perspective: which sex is better at pollinating?  
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From the plant’s perspective, the costs and benefits of any individual’s foraging pattern 

hinge on the reproductive system of that plant. For instance, plants might benefit more from the 

higher fidelity typical of some female bees if they suffer high costs of heterospecific pollen 

transfer (Ashman and Arceo-Gómez 2013). On the other hand, plants may benefit more from the 

long-distance dispersal of males if they are self-incompatible. Plants may also face tradeoffs in 

their “ideal” sex of visitor, for instance, if females deposit more pollen than males but also lay 

eggs on the plant after they visit the flowers.  That said, we offer some predictions about how 

sex-associated foraging differences might affect visitor quality from the perspective of plants.  

1) Visit cost: Plants should generally try to minimize the costs of attracting visitors (e.g., 

producing nectar) while maximizing pollen transfer. In this context, we expect male visits to cost 

plants less than visits by females, as males collect fewer resources per visit. In pollinating seed-

parasites and certain Lepidopterans (Altermatt and Pearse 2011), female visits incur an added 

cost: deposition of herbivorous or seed-predatory offspring. In these systems, male visits likely 

confer higher net benefits for plants than female visits, assuming the males do visit flowers.  

2) Transfer quality: If males fly longer distances as expected, they also likely deposit more 

high quality outcross pollen. On the other hand, the short-term specialization of females may 

cause them to deposit relatively higher rates of conspecific pollen.  

3) Transfer quantity: We generally expect females to carry more pollen than males, and 

therefore deposit more on receiving stigmas. In many cases females may be also be “superior” 

pollinators simply because they spend much more time foraging than males, even if their per-

visit pollination service is lower (though see Cane et al. 2011).  

Even in the face of large differences in pollinator quality between the sexes, however, the 

degree to which plants can successfully attract only one sex is unclear. While specialized 



 58 

examples such as figs or female-mimicking orchids certainly exist, the majority of plants may be 

constrained to attract both sexes: any changes in floral morphology that reduce visitation by one 

sex may reduce visitation by the other sex as well. That said, we have described a number of 

floral traits that may influence relative visitation rates, such as nectar composition, nectar 

concentration, and floral volatile chemistry. The efficacy of these traits in excluding males or 

females remains an intriguing open question.   

 

Potential broader consequences 

Community context: Because co-blooming flowers interact through their pollinators, sex 

differences also have the potential to influence pollen movement at the community level. While 

little work to date has connected intraspecific variation in pollinator behavior to community-level 

processes, there is evidence that when compared to species-level plant-pollinator networks, 

building networks at the individual level can change their structure: individual-level networks are 

less redundant and therefore predict the community to be less resilient to species loss (Tur et al. 

2014).  This pattern is driven by the fact that each pollinator individual does not interact with 

every flower visited by that pollinator species, thereby reducing predicted network connectivity. 

Large differences between males and females in terms of which flowers are visited or where 

pollen is transported could reduce the number of redundant interactions between plants and 

pollinators as well, thereby leaving certain plants at higher risk of losing services in the face of 

environmental perturbations than would be predicted by a species-level network. In this context, 

important questions arise as to the role of sex differences in pollination network structure. First, 

do networks at the level of sex differ in structure from networks at the level of species? If so, 

pollinator sex may represent a useful middle ground between the species and individual levels. 
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Networks at the level of pollinator sex would offer higher detail and resolution than would 

species-level networks, and compared to individual level networks the data required would be 

easier to gather and the modeling itself would be less computationally demanding. Second, how 

consistent are sex differences in network structure over time? In our own work we have found 

that sex-associated differences in the quantity and species richness of pollen loads carried by 

hawkmoths are consistent across years (Smith 2019), but does this hold true for other taxa?  

Evolution: Competition for floral resources is often keen, and in some cases leads to 

resource partitioning among pollinator species (Brosi and Briggs 2013). If sufficiently large 

differences in resource preference or resource use efficiency exist between male and female 

pollinators, this type of partitioning could also occur at the level of sex (see Temeles et al. 2000 

and discussion above). While this partitioning can certainly impact ecological processes such as 

pollen flow, it also has the potential to have evolutionary consequences as well. Simulation 

models by Bolnick and Doebeli (2003) found that evolution in response to resource competition 

can in some cases drive ecological divergence between sexes within a species instead of 

ecological speciation. Furthermore, they found that the ecological divergence of sexes, rather 

than of incipient species, is more likely when sexes differ in resource use. Strong sexual 

dimorphism in ecologically relevant traits in Anolis lizards and Notophthalmus salamander 

radiations seems consistent with the mathematical findings (Butler et al. 2007; De Lisle and 

Rowe 2015; De Lisle and Rowe 2017), and in some cases traits vary more between sexes than 

they do between species. Our own data on pollen carried by the southern Arizona, USA 

hawkmoth community show similar patterns: Manduca sexta and M. quinquemaculata males are 

more similar to each other than either is to females of their species (Smith 2019). These patterns 

may be the result of ecological divergence at the level of sex.  Does this pattern occur in other 
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systems? Is resource use overlap between males and females smaller for pollinators on flowers 

than it is in other interactions, such as herbivores on host plants? 

 

Conclusions 

The evidence presented here demonstrates that sex-associated variation in pollinator behavior 

exists across a wide variety of pollinator groups, and that this variation can have large impacts on 

the outcomes of plant-pollinator interactions. However, sex differences, as well as intraspecific 

variation more broadly, have been given little attention to date in the study of pollination. We 

therefore call for more work investigating this variation, and in particular work directly testing 

the plant fitness consequences of this variation in the wild.  
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Table 1: Summary of sex-associated differences in foraging patterns and morphology 

among pollinators and their potential impact on pollen transfer.  
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Abstract 

1. The oviposition choices of phytophgaous insects determine the environment that 

their offspring will experience, affecting both larval performance and host plant 

fitness. These choices, however, may be influenced by other activities such as 

nectar foraging.  

2. In the Sonoran Desert, Manduca sexta (Lepidoptera: Sphingidae) oviposits 

primarily on the perennial herb Datura wrightii. It has been reported to oviposit 

on the smaller-flowered, co-blooming, sympatric annual D. discolor as well. 

Datura is also M. sexta’s most important source of nectar in this region. Nectaring 

and oviposition decisions thus determine M. sexta’s reproductive success, as well 

as the relative benefits (pollination) and costs (herbivory) each Datura species 

derives from this interaction.  

3. We studied the nectaring and oviposition choices of adult M. sexta on these 

congeners to investigate how nectar foraging influences oviposition. We then 

assessed larval performance on the two hosts.  

4. Nectaring and oviposition were behaviorally linked, with M. sexta preferring the 

perennial D. wrightii as both a nectar source and larval host when given a choice 

between the two species. This preference disappeared, however, when only D. 

discolor bore flowers.  

5. In the laboratory, larvae developed at equal rates when fed D. wrightii or D. 

discolor leaves, but survival was higher on D. wrightii when larvae fed on intact 

plants.  

6. These findings suggest that while female preferences match larval performance in 

most cases, the link between nectaring and oviposition may at times bias moths to 

lay eggs on inferior larval hosts.  

 

Keywords: Pollination, herbivory, Manduca sexta, preference-performance hypothesis,  

oviposition decisions 
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Introduction   

 In many phytophagous insects, the environment that juveniles experience is 

determined largely by the oviposition decisions of adult females. Offspring development 

and survival in turn directly impact female fitness. This relationship informs the 

preference-performance hypothesis, which predicts that adults will evolve oviposition 

preferences for hosts and sites associated with high offspring performance (Jaenike 1978; 

Thompson 1988; Gripenberg et al. 2010). Indeed, gravid females are often sensitive to 

habitat variation and host quality when selecting sites in which to lay eggs, and will 

discriminate among sites based on differences in food quality and abundance (Awmack 

and Leather 2002; Sentis et al. 2012), larval competition (Williams and Gilbert 1981; 

Wise and Weinberg 2002), larval predation risk (Higashiura 1989; Spencer et al. 2002; 

Diamond and Kingsolver 2010), and other environmental factors (Eilers et al. 2013). 

 Adult preferences for particular sites or hosts, however, do not always align with 

the quality of those sites for offspring (Mayhew 1997; Gripenberg et al. 2010; Refsnider 

and Janzen 2010). For example, strong oviposition cues may cause a female to lay eggs 

even when the host is well-defended against herbivory (Stowe 1998) or even fatal to 

larvae (Davis and Cipollini 2014). Furthermore, the sites that will maximize an individual 

larva’s performance and that will maximize the fitness of its mother are not always the 

same (Scheirs et al. 2000; Rosenheim et al. 2008). For example, expending time and 

effort to find and assess host plants may trade off against the number of eggs a female is 

able to lay in her lifetime (Rosenheim et al. 2008; König et al. 2016). Similarly, other 

adult activities such as mating and feeding may bias females towards nearby resources 
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that could be inferior for offspring development (Courtney 1981; Scheirs and De Bruyn 

2002, Janz 2005, Forister et al. 2009).  

 In the Sonoran Desert (USA), the primary larval host plant of Manduca sexta 

(Lepidoptera: Sphingidae) is the perennial forb Datura wrightii (Solanaceae). Datura 

wrightii flowers are also the principal nectar resource for M. sexta (Alarcón et al. 2008), 

and the moths are D. wrightii’s primary pollinators (Bronstein et al. 2009). Thus, M. 

sexta adults act as mutualists of D. wrightii, while larvae act as antagonists, often of the 

same individual plant. From the plant perspective then, the risk of herbivory is a cost 

associated with receiving pollination services. Indeed, a single 5th instar caterpillar can 

completely defoliate its host (Mcfadden 1968). From the perspective of the moths, a link 

between nectaring and oviposition may be maintained if host-searching females use the 

strong and conspicuous cues presented by the flowers as reliable cues for oviposition 

sites, as well as indicators of plant quality (Adler and Bronstein 2004).  

 While the M. sexta – D. wrightii relationship is fairly tightly coupled in the 

southwestern United States, M. sexta is also known to oviposit on the annual plant 

Datura discolor (Reisenman et al. 2013). This species, a congener but not the sister 

species of D. wrightii (Bye and Sosa 2013), overlaps in geographical range with D. 

wrightii; they flower at the same time and sometimes in close proximity (G. Smith, 

unpubl. data). In addition to being a smaller plant overall, D. discolor’s flowers are 

usually fewer and significantly smaller (6.25 vs. 9.75 cm average corolla flare), are less 

fragrant, and offer half the nectar volume (30.5 vs 65.1 ul) than D. wrightii’s (Raguso et 

al. 2013; Reisenman et al. 2013). As a result, D. discolor’s flowers are of lower quality as 

a nectar source and are likely to be less conspicuous to moths. Furthermore, independent 
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of floral reward quality, the larger perennial D. wrightii and smaller annual D. discolor 

likely differ in their quality as larval resources. For example, consistent with studies in 

other systems, the faster growing D. discolor may produce more inducible defenses than 

the slower growing D. wrightii (e.g., Coley 1987; Stamp 2003; Endara and Coley 2011), 

but may also have higher concentrations of key nutrients (e.g., Foulds et al. 1993; Han et 

al. 2004; He et al. 2016). Larger and actively growing plants may also be better hosts due 

to higher available biomass and the high nutritional quality of growing tissue (Price 

1991).  

The larval resource quality of these plant species could potentially either match or 

mismatch their floral reward quality. This is likely to produce situations in which floral 

cues may either reinforce or conflict with host quality cues for foraging moths. In this 

paper, we investigate (a) whether adult moths prefer D. wrightii or D. discolor for 

nectaring and oviposition, (b) whether perceived floral quality reliably predicts larval 

host quality, and (c) how floral cues affect oviposition preferences. We predicted that (1) 

the larger-flowered, perennial D. wrightii will be preferred by adult moths for nectaring 

and oviposition, (2) consistent with the preference-performance hypothesis, the species 

preferred by adults will be a superior larval host, and (3) due to the link between 

oviposition and nectaring, the presence of flowers will bias oviposition decisions when 

moths are given a choice between host species.  

 

Methods  

Moth rearing for adult behavioral experiments 
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 Naïve adult M. sexta were obtained from a laboratory colony maintained at the 

University of Arizona (Levin et al. 2016). Larvae were fed an artificial wheat-germ based 

diet (see Davidowitz et al. 2003). To stimulate rapid eclosion from the pupa, larvae were 

reared on a long-day 17-7 hr light:dark cycle at 25°C and 40-50% relative humidity. 

After pupation, male and female moths were kept on a diurnal temperature cycle of 

26:24°C day:night until 3 d prior to eclosion, when they were placed in polypropelene-

screen cages (31x31x32cm) under ambient light conditions. In these cages they were 

given the opportunity to mate for 3 d after eclosion before they were used in experiments.  

 

Plant rearing 

 Datura wrightii and D. discolor plants were grown from seed in the greenhouse. 

Seeds were obtained in the field from the Santa Rita Experimental Range, Arizona (31-

50'00'' N; 110-51'10'' W). Seeds were germinated and grown communally until 1 wk after 

they germinated, at which point they were transferred into 10-in (D. wrightii) or 8-in (D. 

discolor) pots filled with 3:2:1 mixture of Sungro Sunshine Mix #3, vermiculite and sand 

(Bronstein et al. 2009). The greenhouse was kept partially shaded and maintained 

between 21 and 35°C. Plants were watered every other day.  

 

Flight experiments 

 To determine the preferences of adult moths for nectaring and oviposition on the 

two Datura species, we performed preference assays between July-Sept 2014 and 

August-Sept 2015. Adult moths were removed from the mating cage 3 d after eclosing, 

and taken to a large empty greenhouse (22m x 7.5m x 4m, hereafter “flight house”) 
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during the first 3 hr after sunset, between 7:30pm and 10:30pm. To reduce the effect of 

ambient light on the behavior of the moths, the flight house was lit by red light, as M. 

sexta does not have a red receptor (Bennett and Brown 1985). An evaporative cooling 

system was used to maintain a temperature of approximately 26°C and to generate 

directional airflow along the long axis of the space. Because the flight house holds 

approximately 660 ft3 of air, and the cooling system circulated air from outside the 

greenhouse, the flight house was unlikely to be saturated by the volatiles of the four 

experimental plants. No other plants were kept in the flight house for the duration of 

these experiments.  

At the upwind end of the flight house, 2 potted individuals of each plant species 

were placed in a checkered array approximately 2 m apart. The diagonal positions of the 

different species were randomized each night. Individual plants were selected to 

approximately match in size. Four plant treatments were used, based on which species 

was flowering on a given night: both species bearing flowers (hereafter D1+W1), neither 

species bearing flowers (D0+W0), only D. discolor bearing flowers (D1+W0), and only 

D. wrightii bearing flowers (D0+W1).  

Moths were removed from the mesh cages in which they eclosed and were placed 

into release tubes constructed out of wire mesh, where they were allowed to acclimate for 

at least 15 min. Moths were then released sequentially 10m downwind of the plant array. 

Moths were allowed to move, forage, and oviposit freely in the array for a maximum of 

10 min or until they were inactive for 3 min (consistent with Riffell et al. 2008), at which 

point they were captured. There was at least a 5-min interval between capture and release 

of a subsequent moth to allow pheromones to dissipate. During a moth’s bout, we 
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recorded each plant individual with which the moth interacted, as well as the timing and 

duration of each behavior. Behaviors were classified as: probing or entering flowers 

(“nectaring”), curling the abdomen and laying eggs (“ovipositing”), and resting on a 

surface without doing any of the above described actions (“landing”). Due to darkness 

and our inability to closely approach moths without disturbing them, we were unable to 

definitively identify visually when a moth was drinking nectar or when they actually laid 

eggs. Thus, our measures were based on behaviors we could visually assess during moth 

foraging and that demonstrated the moths’ intention to nectar or oviposit, i.e., when they 

entered the flowers or curled their abdomens. We were able to verify oviposition after the 

fact by examining the plants for eggs after the bout and recording their number and 

location on the plants.  Eggs were not removed between bouts, but the presence of eggs 

on a plant did not affect oviposition preferences (N = 64 moths, linear mixed model p = 

0.76).  

 

Larval growth experiments 

 To investigate the developmental consequences of feeding upon D. wrightii and 

D. discolor, we conducted no-choice growth assays in June and August 2015. One egg 

from the laboratory colony 1 d before hatching was randomly placed on a 14mm leaf disc 

of either D. wrightii or D. discolor. The leaf disc and egg was placed on filter paper in 

55mm diameter petri dishes (n = 75 for each species). Every day, larval mortality as well 

as the instars of surviving larvae were recorded. Leaf discs were replaced daily, and 3 

drops of water were applied to the filter paper to prevent the larvae and leaf discs from 
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drying out. Larvae were kept under the same temperature and light conditions described 

above.  

 When a larva reached the 3rd instar, the amount of food provided was increased 

from 1 to 3 leaf discs. One disc was provided between 9-10 am, and the other two discs 

between 3-5 pm. Pre-4th instar larvae never consumed all available leaf material, 

indicating that food was likely not limiting. When larvae molted to the 4th instar, they 

were transferred to a -20°C freezer and then placed into a drying oven at 50°C for 24 h. 

After drying, larvae were weighed. To prevent any undigested plant material from 

influencing these measures, larvae were frozen while their guts were still empty after 

their molt to the 4th instar.   

 Later instars were too voracious to maintain on leaf discs in the laboratory. Thus, 

to measure the effect of host diet on growth through the 4th and 5th instars and to 

pupation, 10 additional 3rd instar larvae were reared on D. wrightii and 8 larvae reared on 

D. discolor were transferred onto intact plants of the corresponding species in the 

greenhouse. Larvae were then reared individually in large tubs with either two D. wrightii 

or four D. discolor plants to provide roughly equal amounts of leaves. The larvae were 

allowed to eat leaf material freely, and defoliated plants were replaced with uneaten ones 

as needed. Every day, the instar of the larvae was recorded until they began wandering 

behavior indicative of the start of pupation. Two weeks after wandering started, pupae 

were unearthed, weighed, and assessed for viability. 

 

Data analysis 
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 Analyses were performed using R version 3.1.0 (R Development Core Team 

2014). T-tests and Chi-square tests were performed in base R, while linear mixed models 

(LMMs) were performed using the lme command in the nlme package (Pinheiro et al. 

2014). In these models, moth individual was used as a random effect. Tests of nectaring 

preferences between the flower species were restricted to nights when both species had 

open flowers, and to moths that visited at least one flower during a bout. For tests 

comparing the amount of time moths spent nectaring and ovipositing on the two species, 

the time spent was log-transformed to improve normality. To assess oviposition 

preferences within each treatment, false discovery rate (FDR) corrected post-hoc LMMs 

were performed, again using moth individual as a random effect. To assess the linkage 

between nectaring and oviposition, analyses were restricted to moths that both nectared 

and oviposited at least once during their bout. A contingency table was then constructed 

for nectaring and oviposition, with each observation consisting of one moth’s interaction 

with one plant. A Pearson’s chi-squared-test was run on this table. To control for 

potential individual effects (as each individual supplied one observation for each plant 

available during its bout), the test was re-run with each individual moth sequentially 

removed. The results of these tests were qualitatively identical to the test reported below, 

with every iteration producing a p value below 0.001.  

 

Results:  

Flight experiments: 

 Adult moths visited both Datura wrightii and D. discolor in the arrays, and 

individuals often nectared and oviposited on both species. When flowers of both species 
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were present, 61% (11/18) of moths that visited a flower during their bout visited at least 

one flower of each species, and among females that laid eggs, 53% (36/67) laid at least 

one egg on each species.  

 Although both plant species were visited, moths preferred to nectar at the larger-

flowered perennial D. wrightii. On nights when both species bore flowers, a D. wrightii 

flower was the first flower visited more frequently than a D. discolor flower (22 first 

visits to D. wrightii, 10 to D. discolor). Cumulatively, moths spent more time nectaring 

on D. wrightii (N = 53 bouts, mean 28.6, SE 3.9s) than on D. discolor (N = 39 bouts, 

mean 17.5, SE 3.7s; log transformed LMM p = 0.006; Figure 1). This difference was due 

to a higher average number of visits made to D. wrightii flowers (D. wrightii N = 53 

bouts, mean 4.32, SE 0.56 visits; D. discolor N = 39 bouts, mean 2.44, SE 0.37 visits; 

LMM, p = 0.015), rather than to longer durations of individual visits (LMM, p = 0.65).  

 Females also preferred D. wrightii as a host plant. They spent more time 

ovipositing on D. wrightii (N = 89 visits, mean 100.2, SE 10.6s) than on D. discolor (N = 

61 visits, mean 74.2, SE 13.3s; log-transformed LMM p = 0.0093), laying nearly twice as 

many eggs on D. wrightii per bout (D. wrightii N = 62 bouts, mean 6.37, SE 0.57 eggs; 

D. discolor N = 49 bouts, mean 3.61, SE 0.59 eggs; LMM p = 0.0002). There was a 

significant interaction between plant species and treatment on the number of eggs laid. 

More eggs were laid on D. wrightii when neither species bore flowers (D0+W0, FDR 

corrected LMM p = 0.002), when both species bore flowers (D1+W1, FDR corrected 

LMM p = 0.033), and when only D. wrightii bore flowers (D0+W1, FDR corrected 

LMM p = 0.033). However, equivalent numbers of eggs were laid on both species when 

only D. discolor was flowering (D1+W0, FDR corrected LMM, p = 0.66; Figure 2).  
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 First visits were made more frequently to flowering plants than to non-flowering 

plants (41/57, 72%). There was also a statistically significant association between 

nectaring and oviposition behaviors for both plant species: a moth was more likely to 

both nectar and oviposit on the same plant than it was to only perform one of those 

behaviors (Chi-square, D. wrightii: N = 60 moths, p = 0.0004; D. discolor: N = 49 moths, 

p = 0.02). Despite this strong functional association between nectaring and oviposition 

behaviors, there was no difference in the number of eggs laid on flowering versus non-

flowering plants (N = 64 moths, LMM, p = 0.79). Nor was nectaring time correlated with 

either the number of eggs laid (N = 42 moths, LMM, p = 0.73) or the amount of time 

spent ovipositing (N = 42 moths, LMM, p = 0.52).  

  

Larval growth on cut leaves: 

 Survival and growth rate did not differ between M. sexta larvae grown on the two 

species of Datura in the laboratory. Larvae did not differ in their probability of surviving 

to the 4th instar (T-test, p = 0.62) or their final mass (T-test, p = 0.91) as a function of 

which Datura species they fed upon. Larvae developing on D. wrightii took marginally 

longer to molt to 2nd instar (D. wrightii N = 55 larvae, mean = 2.76±0.1 days, D. discolor 

N = 55 larvae, mean = 2.51±0.11 days, T-test p = 0.08). However, there was no 

difference in the total time larvae took to reach the 4th instar, the point at which this 

experiment ended (T-test, p = 0.32).  

 

Larval growth on live plants: 
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 Larvae reared on live plants in the greenhouse performed better on D. wrightii 

than on D. discolor. All 10 of the larvae reared on D. wrightii plants survived to pupation. 

In contrast, larvae reared on D. discolor experienced higher mortality, with 3 of 8 dying 

as 5th instars before pupation (Chi- square, p=0.034). On D. wrightii, the duration of the 

3rd instar (mean 5.1, SE 0.23 d) and 5th instar (mean 2.83, SE 0.4 d) were significantly 

shorter than on D. discolor (3rd instar: mean 7.63, SE 0.92 d, T-test p = 0.029; 5th instar: 

mean 6, SE 1.05 d, p = 0.036). Of the five D. wrightii-reared larvae that were tracked 

through pupation, three (60%) produced viable pupae, whereas none of the 5 larvae 

reared on D. discolor that attempted to pupate was successful. Thus, pupal survivorship 

differed significantly between the two host species (Chi-square, p =0.038).  

 

Discussion 

Oviposition decisions of female insects are critical to the success of their 

offspring. Manduca sexta is a narrow specialist, ovipositing on only 1-2 host species, 

almost exclusively Solanaceae, in a given habitat; its nectar plants are extremely limited 

as well (Alarcón et al. 2008). In the US desert southwest, M. sexta uses the co-blooming 

perennial Datura wrightii and the annual D. discolor as both nectar and oviposition 

resources, and in the field can choose between these species when they co-occur. In this 

study, we predicted that adult moths would preferentially nectar at the larger, more 

rewarding flowers of D. wrightii, and that the presence of these flowers would lead moths 

to oviposit on the same plants. We also predicted that larval performance would match 

adult preference, but that the presence of flowers on the available plants would modify 

oviposition preferences.   
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Adult preferences and larval performance 

Consistent with these predictions, we found evidence that adult females have a 

strong preference to both nectar and oviposit on the larger-flowered perennial D. wrightii. 

This overall preference was consistent with larval performance. While the differences in 

host quality did not become apparent until later in development, all larvae reared on live 

D. wrightii plants survived to pupation and most successfully pupated, whereas none 

successfully pupated on the annual D. discolor. This result, though based on a small 

sample size, strongly suggests that D. wrightii is a superior larval host to D. discolor. As 

such, our results are consistent with the preference-performance hypothesis (Gripenberg 

et al. 2010), as female oviposition preference is biased towards the superior larval host.  

Although most moths showed a preference towards D. wrightii, many nectared at 

both species and spent at least some time ovipositing on the annual D. discolor. Hence, 

D. discolor was apparently perceived as a suitable larval host, despite the larval mortality 

we observed on this species. When the only flowers in the array were D. discolor, 

however, the moths’ preference for D. wrightii disappeared. This is consistent with our 

prediction that nectaring behavior would influence M. sexta’s oviposition decisions, in 

this case biasing decisions towards an otherwise disfavored, lower quality host. This bias 

may be driven by the strong link between nectaring and oviposition behavior, a 

phenomenon reported in M. sexta as early as 1850 (Glover 1856 in Karban 1997). Given 

this link, when only D. discolor flowers are present, its floral cues may increase either the 

apparency or perceived host quality of the annual plant relative to the flowerless D. 

wrightii. It is worth noting that while the presence of flowers on D. discolor eliminated 
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the preference for D. wrightii, it did not reverse that preference: rather, D. discolor 

flowers only improved the apparent quality of D. discolor as an oviposition substrate, to 

the point where it became as attractive as D. wrightii.  

Nectar resources biasing the oviposition decisions of phytophagous insects have 

previously been reported for a number of Lepidoptera. For example, the presence of non-

host floral resources can influence both which patches adult females visit for several 

nymphalids (Euphydryas chalcedona and Vanessa cardui; Murphy et al. 1984; Janz 

2005) and papilionids (Papilio glaucus and Parnassius apollo; Grossmueller and 

Lederhouse 1987; Brommer and Fred 1999), and upon which plants they oviposit within 

those patches (Karban 1997; Janz 2005). Flower presence and nectar volume have also 

been shown to be strong predictors of oviposition preference among individuals of host 

species that offer nectar, including Manduca sexta and V. cardui (Adler and Bronstein 

2004; Janz 2005; Janz et al. 2005; Kessler et al. 2010; Kessler 2012). Only rarely, 

however, have flowers been shown to bias oviposition decisions among different host 

species (Forister et al. 2009, although see also Janz 2005). Forister et al. (2009) found 

that Lycaeides melissa (Lycaenidae) larvae performed better on the native Astragulus 

canadensis than on introduced Medicago sativa (alfalfa), with native-host reared larvae 

eclosing as adults three times larger than larvae reared on alfalfa. Consistent with this 

superior performance, L. melissa had a strong preference for the native A. canadensis 

over introduced M. sativa when neither bore flowers. Similar to our results, however, this 

preference disappeared when M. sativa bore flowers (Forister et al. 2009).  

Beyond these well-studied examples, oviposition biases driven by floral cues 

could potentially be acting in a wide range of other species as well. Many lepidopterans 
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use the same plant species as both nectar and oviposition resources (Altermatt and Pearse 

2011), and these species appear to preferentially use larval hosts as nectar sources. 

Indeed, this bias to oviposit on nectar plants may drive the observation that phytophagous 

lepidopterans with functional adult mouthparts have narrower host ranges than those 

lacking them (Altermatt and Pearse 2011).  

In addition to food quality and floral bias, several other factors may influence 

oviposition preferences in this system. First, the larger size of D. wrightii plants may 

have increased the moths’ preference for this species. The plant vigor hypothesis (Price 

1991) proposes that, because large and vigorously growing plants are likely to have more 

available biomass and higher nutritional quality, they should be preferred as oviposition 

sites. Oviposition preferences consistent with this hypothesis have been found in a variety 

of insect species (e.g. Heisswolf et al. 2005, reviewed in Cornelissen et al. 2008). 

Furthermore, since a single M. sexta larva can defoliate even a large D. wrightii plant 

before pupation (Mcfadden 1968), a larger host plant may reduce the probability that a 

larva needs to seek out a second host, which could lead to costly starvation periods 

(Boggs and Freeman 2005), exposure to predators, and/or failure to find another host. 

Manduca sexta larvae are fairly mobile within host plants (Potter et al. 2012), but are 

rarely observed moving among hosts. Although we attempted to control for average plant 

size among our experimental plants, D. wrightii individuals tended to be taller and had 

much larger leaves than D. discolor. Independent of overall plant size, floral reward size 

may also contribute to the observed preference: M. sexta has previously been shown to 

lay more eggs on D. wrightii individuals with higher nectar volumes (Adler and 

Bronstein 2004). Given that D. wrightii has higher expected nectar volumes than D. 
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discolor, the observed moth oviposition preferences in the present study are consistent 

with this previous finding. Higher nectar volumes, and therefore presumably a slower 

nectar depletion rates, also likely contributed to the higher number of floral visits made to 

D. wrightii.  

Second, spreading eggs among hosts is the typical mode of oviposition for many 

insects, including sphingid moths such as M. sexta (Janzen 1984; Hopper 1999; 

Reisenman et al. 2013; Hufnagel et al. 2017), and is suggested to reduce larval 

competition and spread risk. This tendency may explain why some eggs were laid on D. 

discolor even when D. wrightii flowers were present. The tendency to spread eggs may 

also explain why we found a link between nectaring and oviposition behaviors, but no 

relationship between nectaring time and eggs laid. If females are likely to spread eggs 

within a patch once they find it, nectaring behavior can release oviposition but not dictate 

egg number decisions. An experiment that better simulates the spatial scale and variable 

plant ratios seen in the field would be necessary to test how moths choose to spread eggs. 

Alternatively, oviposition on D. discolor may simply have been mistakes. Although the 

chemical profiles of D. wrightii and D. discolor flowers are different (Reisenman et al. 

2013), the close relatedness of D. discolor and D. wrightii may make it difficult for adults 

to distinguish between the chemical profiles on the leaves, as has been seen in other 

species (e.g. Davis and Cipollini 2014).  Closer analyses of the leaf chemical profiles are 

needed to test this possibility for these two species. Because approximately one third of 

all eggs laid in this experiment were laid on D. discolor, however, we find this possibility 

unlikely.   
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It is also striking that larval development on the two species only differed when 

larvae were grown on intact plants. The observed pattern of low mortality on cut leaves 

but high mortality on live leaves may be due to high levels of induced defenses, as has 

been predicted for and found in other short-lived plants (Stamp 2003; Endara and Coley 

2011). While several Datura species, including D. wrightii, produce proteinase inhibitors 

and other defensive compounds in response to methyl jasmonate signaling (Hare and 

Walling 2006), induced defenses have not been investigated in D. discolor. Alternatively, 

nutritional quality differences between the species may magnify over development or 

only affect development during the last two instars, when M. sexta larvae increase their 

body mass by 90% (Davidowitz and Nijhout 2004). Investigating plant responses to 

herbivory and its effect on larval maturation rate and survival offer interesting avenues 

for future research.  

 

Plant consequences 

Because of the link between oviposition and nectaring for M. sexta, D. wrightii 

and D. discolor attract their most damaging herbivore (Bronstein et al. 2007) when they 

attract pollinators. Flexibility in terms of the number of eggs that moths lay after visiting 

those flowers, however, opens up the possibility that plants could attract pollinator visits 

while receiving relatively few eggs. With only one year in which to reproduce, D. 

discolor may experience higher fitness costs of herbivory damage than its perennial 

congener, and may display traits to reduce the number of visits it receives. Assuming that 

M. sexta is the primary pollinator of D. discolor as well as D. wrightii, having smaller 

and less rewarding flowers than D. wrightii may allow D. discolor to occasionally export 
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and receive pollen while reducing its apparency, attractiveness, and perceived host 

quality to the moths that do visit. Indeed, while both species are self-compatible, D. 

discolor has a much higher natural selfing rate (J.L. Bronstein, unpubl. data), and has the 

ability to self-pollinate in the bud (i.e., it exhibits cleistogamy; G. Smith, pers. obs.). This 

ability could further reduce visitation by potential herbivores.  

The fact that herbivorous M. sexta larvae mature into pollinators of the two 

Datura species means that the congeners could also influence each others’ fitness through 

their shared partner when they co-occur. In this case, as D. discolor flowers are attractive 

to the moths but D. discolor leaves are apparently perceived as poorer larval food, D. 

discolor may gain some of the reproductive benefits from associating with M. sexta while 

paying relatively few of the costs. D. wrightii, on the other hand, would be paying the 

majority of the herbivory costs while potentially receiving heterospecific pollen and 

losing pollination services to competing D. discolor flowers. It is worth noting, however, 

that the flowering season of D. discolor is nested within the longer flowering period of D. 

wrightii (J.L. Bronstein, unpubl. data), and therefore D. wrightii would not always pay 

these costs. Field observations of M. sexta foraging where these species co-occur would 

help determine the degree to which these species compete for pollinator visits in nature.    

 

Conclusions 

 The preference-performance hypothesis predicts that females will prefer to lay 

eggs on hosts that favor larval survivorship (Gripenberg et al. 2010), but many factors 

beyond host quality have the potential to affect adult preference. Consistent with this 

hypothesis, we found that M. sexta adults preferentially nectar and oviposit on Datura 
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wrightii, on whose leaves M. sexta larvae have higher survival during the late stages of 

their development. Moth preferences, however, disappeared when D. discolor was the 

only species flowering, despite the fact that no larvae in our small experiment 

successfully completed development on this host. This result may be due to the strong 

link between nectaring and oviposition behavior biasing female host choices. A growing 

number of Lepidopera species have been shown to both nectar and oviposit on the same 

plant species (Altermatt and Pearse 2011). Thus, future work investigating the 

mechanisms by which this bias occurs are critical to understanding the conditions under 

which adult preference and larval performance do not align.  
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Figure 1: Mean ± SE time moths spent nectaring at the annual Datura discolor and the 

perennial D. wrightii when both species were flowering. Moths nectared significantly 

longer on D. wrightii than on D. discolor.  
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Figure 2: Mean ± SE number of eggs laid by Manduca sexta on the annual Datura 

discolor and the perennial D. wrightii under different treatment conditions. Dark bars 

represent D. discolor, while light bars represent D. wrightii. The treatments are as 

follows. D0vW0: neither species bore flowers; D0vW1: only D. wrightii bore flowers; 

D1vW0: only D. discolor bore flowers; D1vW1: both species bore flowers. A * indicates 

a statistically significant difference in the number of eggs laid by moths on the two plant 

species in that treatment. Moths also had a significant overall preference for D. wrightii.  
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Abstract  

Within-species variation in pollinator behavior has been widely observed, 

but its direct causes and consequences have been minimally investigated. Sex is 

often associated with large differences in behavior and morphology, and these may 

generate predictable differences in nectar foraging. To date, however, these 

predictions have not been explicitly tested, and their basis in the existing literature 

primarily emerges from work on a single taxon, bees. Thus, testing these predictions 

across taxonomic groups is critical to determine whether they are applicable across 

species and pollinator guilds. Here we investigate sex-associated differences in the 

foraging behavior of the generalist hawkmoth Hyles lineata. We tested three key 

predictions: 1) males and females differ consistently in their foraging patterns in the 

field, 2) females switch less frequently among resources than do males, and 3) males 

have higher flight performance and dispersal ability than females. Consistent with 

our first prediction, we found that female H. lineata carry larger and more species-

rich pollen loads than males in the field over five years. These patterns were 

consistent across years, and suggest that moth sex is in fact associated with 

consistent differences in foraging. Second, wild-foraging moths switched resources 

relatively infrequently, and contrary to our prediction the rate of switching did not 

differ between sexes. This result contrasts with results from bees, and suggests that 

reduced floral fidelity is unlikely to explain why females carry more species-rich 

pollen loads. Third, as predicted, males flew longer distances than females. This may 

cause long-flying males to bypass many floral resources, while females forage on 

more diverse resources available within smaller localized areas. Together, these 
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results support the prediction that consistent foraging differences associated with 

sex exist outside of a few well-studied taxa, but highlight a need to better 

understand the mechanisms that generate these patterns.  
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Introduction 

Many plants rely heavily on animal pollen vectors for their reproductive 

success (Takayama and Isogai 2005; Klein et al. 2007), and are therefore potentially 

sensitive to morphological and behavioral variation among their pollinators (e.g., 

Willmer and Finlayson 2014). The consequences of being visited by different 

pollinator taxa has been a focus of extensive research in pollination biology (e.g., 

Thomson and Goodell 2001; Castellanos et al. 2003; Terblanche and Anderson 2010; 

Bischoff et al. 2013). However, pollinators also vary extensively in flower visitation 

behavior within species (e.g., Dupont et al. 2011; Tur et al. 2014). Though less 

studied, this intraspecific variation in pollinator behavior can potentially have large 

consequences for plant fitness (e.g., Daniel I. Bolnick et al., 2011; Dall, Bell, Bolnick, 

& Ratnieks, 2012; Maruyama et al., 2016; G. P. Smith, Bronstein, & Papaj, 2019).  

Among many drivers of intraspecific variation, an individual’s sex is often 

associated with large and discrete differences in morphology and behavior (e.g., 

Andersson 1994; West-Eberhard 2014). Outside of plant-pollinator interactions, 

these differences are known to influence dispersal (e.g., Perry and Garland, Jr 2002), 

foraging strategies (e.g., Nakashima and Hirose 2003), and dietary preferences (e.g., 

De Lisle and Rowe 2015). Thus, sex-associated differences have the potential to 

influence which flower species a pollinator encounters, how frequently it visits 

those flowers, and how effectively it transfers pollen among plants.  

Smith et al. (2019) reviewed sex-associated foraging differences in 

pollinators and made several predictions based on patterns emerging from the 
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literature. The first prediction is that, if male and female foraging differs due to 

differences in mating strategy, these patterns should be consistent across years and 

ecological contexts. The ways in which foraging differs between the sexes should 

also be predictable based on these same strategies. For example, in many pollinating 

insects, females perform more offspring-provisioning behavior than males: female 

bees provision brood cells, female Lepidopterans spend time searching for 

oviposition sites, and females of many species allocate floral-derived resources to 

developing eggs. This provisioning behavior is commonly associated with females 

visiting flowers at higher rates than males and carrying more conspecific pollen 

(e.g., Ne’eman et al. 2006). Thus, Smith et al. (2019) predict that time constraints 

and offspring nutritional requirements will cause female pollinators to display 

higher floral specialization and constancy than males (Waser 1986; Smith et al. 

2019). Females may specialize in their foraging behavior either by interacting with 

fewer flower species (e.g., lower species richness) or by making a disproportionate 

number of visits on a subset of species (lower interaction evenness).  

While females perform more offspring provisioning, males typically perform 

more mate-searching behavior than do females. This searching behavior is often 

associated with highly dispersive floral-foraging patterns, leading male bees and 

flies to have higher among-flower travel distances and shorter patch-retention 

times than females (e.g., Ostevik et al. 2010; Wolf and Moritz 2014). Smith et al. 

(2019) predict that this dispersiveness difference should be consistent across 

species, and therefore that males should generally display higher flight performance 

than females (e.g., Darveau et al. 2014). If this prediction holds, the male’s higher 
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performance will promote opportunistic floral visitation that might increase the 

number and diversity of floral resources males encounter, as well as the quality of 

the pollen they transport.  

Despite the potential generality of these sex differences across pollinator 

taxa, the above predictions have not been explicitly tested. Rather, evidence bearing 

on them emerges from research often intended to address other questions. 

Furthermore, the research that forms the basis for these predictions has primarily 

focused on a single pollinator taxon, bees (Smith et al. 2019). Species in this group 

typically share life history traits that are absent in other pollinator groups, such as 

sociality and brood provisioning. For this reason, it is unclear to what extent the 

predictions capture general patterns and to what extent they reflect taxon-specific 

behaviors. For example, female bees provisioning a colony or their own brood may 

gain efficiency benefits from floral specialization, but female Lepidoptera may need 

to sample many flowers to assess oviposition host quality (Adler and Bronstein 

2004; Sharp et al. 2009). Similarly, if high mobility is evolutionarily favored in both 

sexes, as might be the case in migratory species, then males and females may not 

differ in their flight distances and dispersal tendencies while foraging. Testing these 

predictions explicitly, and in a pollinator group without life-history traits such as 

sociality or central-place foraging, is therefore critical to assess their generality 

across species and pollinator guilds. 

 In this paper, we examine the magnitude of sex-associated differences in 

floral foraging in the generalist hawkmoth Hyles lineata and test hypotheses 

regarding their causes. Hawkmoths (family Sphingidae) are prolific pollinators in 
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many parts of the world and are the primary visitors of many plants that have 

independently evolved to attract this group (e.g., Martins and Johnson 2013; 

Amorim et al. 2014; Johnson et al. 2017). They are strong fliers, unconstrained by 

territories or nests that could influence the foraging of pollinators such as bees. 

Furthermore, as hawkmoths do not groom themselves of pollen and their 

mouthparts remain coiled when they are not feeding, their pollen loads are likely to 

be a reliable record of the flowers visited by the moths for nectar (Alarcón et al. 

2008; Sazatornil et al. 2016). Thus, by examining the load size, species richness, and 

species evenness of the pollens they carry, we can assess the foraging frequency, 

diet breadth, and floral specialization respectively of each moth.  

We first analyzed a large, multi-year dataset of wild-collected H. lineata 

pollen loads to test the predictions that females will carry less even and species rich 

pollens than males, and that these differences are consistent over time. We then 

tested two predictions relating to the causes of the differences we observed: 1) 

females will carry larger and less diverse loads because they forage at higher 

frequencies but switch between floral resources less frequently than males, and 2) 

males are stronger fliers than females, allowing them to visit flowers more 

opportunistically and carry more diverse loads. 

 

Methods: 

Study organism 

Hyles lineata is abundant across continental North America and is extremely 

polyphagous: adults use a wide variety of floral species for nectar (Grant 1983; 
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Raguso et al. 1996; Alarcón et al. 2008), and larvae develop on many host plant 

species (Mock and Ohlenbusch 1981; Raguso et al. 1996). Because H. lineata is a 

generalist, males and females would be expected to differ more than males and 

females of specialist hawkmoth species (Smith et al. 2019). Hyles lineata is active 

both diurnally and nocturnally, and visits flowers during both periods. Adults are 

sexually size dimorphic, with females slightly larger and heavier than males (Raguso 

et al. 1996). Adults are also known to be very mobile: they travel over long 

geographic distances and are able to fly up to 30km in a single night (Stockhouse 

1973; Casey 1976). To attract mates, females release pheromones in the late 

evening, and mating typically occurs around dawn (Broadhead et al. 2017).  

 

Magnitude and consistency of differences between sexes: wild moth pollen loads 

 To test the prediction that the pollen loads carried by females will be 

consistently less diverse than the loads carried by males, we collected and analyzed 

pollen loads from wild moths captured at blacklights over five years.  

Study sites: Hawkmoth pollen loads were sampled at two sites within the 

Santa Rita Experimental Range (SRER) in the Santa Rita Mountains south of Tucson, 

AZ, USA. The lowland site near the Santa Rita Ranch (SRR, 1319m elevation) is in a 

grass-dominated plain with mesquite trees clustering around washes. The site at 

Box Canyon (BC, 1468m) is approximately 4.85km away on the edge of a canyon 

dominated by shrubs such as Mimosa dysocarpa, succulents including Agave palmeri, 

grasses and several tree species. 
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Moth collection: Moths were collected using blacklights from June through 

August 2004, June through mid-September 2005, 2015 and 2017, and in July and 

August 2016. In 2004, SRR was sampled once weekly. In all subsequent years, both 

SRR and BC were sampled once weekly. At sunset, two 175-W mercury vapor lamps 

were lit to illuminate both sides of a white reflective sheet. Moths were collected for 

the first three hours following sunset, during which the arrival time of each H. 

lineata moth was recorded, as well as its sex, proboscis length, and right forewing 

length. In 2017, wing wear was also assessed as a proxy for moth age (e.g., Koscinski 

et al. 2011; Rhainds 2015) on a 5-point scale, with 0 being pristine and 5 being 

completely tattered, with more than half of the wing cuticle missing from one or 

both wings.  

Pollen was collected from the moths by running a cube of fuchsin-dyed 

glycerin gel (Kearns and Inouye 1993) down the length of the proboscis. This cube 

was then placed on a clean microscope slide and melted over an alcohol lamp before 

being covered with a cover slip for subsequent pollen analysis. The forceps and 

rulers used to measure the moths and unroll proboscises for pollen collection were 

cleaned with alcohol swabs between samples. In 2005, the pollen carried on the 

ventral surface of the thorax was also sampled: many fewer pollen grains were 

found on this structure, but the pollen species and proportions were qualitatively 

similar to those carried on the proboscises (Alarcón et al. 2008). The analyses 

presented here focus on the larger and more easily collected proboscis pollen loads. 

After pollen collection, moths were kept in a holding cage until the end of the night 

to prevent re-sampling, and then were released.  
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Pollen identification and analysis: The field-collected pollen slides were 

analyzed in the lab using light and digital microscopes. All pollen grains on each 

slide were counted and categorized by morphotype based on pollen shape, size, 

pore characteristics, exine texture, and protrusion morphology. Pollen morphotypes 

were then identified to the lowest possible taxon using an extensive reference 

collection of local pollens, as in Alarcón et al. (2008). This technique was highly 

successful in identifying the majority of grains: across our sample, only 6.6% of 

grains (4926 of 74989 total grains) remained unidentified. The unidentified grains 

were assigned to unique ‘unknown’ morphotypes (Figure 2) based on the above 

characteristics in place of taxonomic identification. For each moth we calculated 

pollen load size (total pollen grain number) and pollen load species diversity.  Load 

diversity was divided into species richness and evenness components in order to 

assess differences in each component, with richness representing the number of 

flower species visited by that individual and evenness representing the asymmetry 

of pollen grain numbers from each visited species. Evenness was calculated using 

Pielou’s evenness index: J = H/log(S), where H is the Shannon-Weiner diversity 

index (Shannon 1948) and S is the total number of species present.  

 

Floral fidelity: flower choice experiment  

 To test the prediction that female moths switch between floral resources less 

frequently than males, we used an “interview technique” (Thomson 1981) in which 

wild moths were presented with a choice of two flowers while they were foraging. 

This technique has been used to measure floral fidelity in other species (e.g., Wilson 



 

 118 

and Stine 1996). All assays were conducted between 16 Aug and 9 Sep 2017 at SRER 

in dense patches of Ipomoea ternifolia (Convolvulaceae) flowers between 0800 and 

1100, when moths were most abundant at the site. 

 An “interview stick” (Thomson 1981) was used to present moths with a 

choice of flowers, either I. ternifolia (the species dominating the patch) or an 

alternative species in flower at the same time and known to be frequently visited by 

H. lineata. Thus a moth could choose to either visit the same species it had been 

foraging on (I. ternifolia) or switch to an alternative resource. The interview stick 

consisted of a wooden board mounted to a 1.5m long butterfly net handle. Attached 

to the board were two Aquapics (Syndicate Home and Garden) approximately 20 cm 

apart (Figure 1). A single I. ternifolia flower was placed in water in one of the 

Aquapics, and flowers from either Kallstromea grandiflora (Zygophyllaceae) or 

Mimosa dysocarpa (Fabaceae) in water in the other. At the time of the experiments, 

K. grandiflora and M. dysocarpa were blooming in close proximity to the I. ternifolia 

patches. Kallstroemia grandiflora flowers are similar in size to those of I. ternifolia, 

and were presented individually. In the Mimosa treatment, a single I. ternifolia 

flower was presented alongside two M. dysocarpa inflorescences in order to 

approximately match the total display size between the species.   

Moths foraging in the patch were approached slowly with the interview stick, 

while the interviewer kept the individual approximately equidistant from the 

flowers on the stick. A moth was followed until it visited one of the presented 

flowers or left the patch, whichever came first. We then recorded sex, time of the 

visit, and whether the individual visited the Ipomoea flower (“stay”) or the other 
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species (“switch”). Hyles males and females were distinguished on the wing based 

on the width of their antennae: females have much thinner antennae and can be 

accurately distinguished from males from a few meters away.  

 

Moth dispersiveness: flight investment and performance  

 To test the prediction that male pollinators are stronger fliers than females, 

we assessed male versus female flight performance in the lab.  

Adult H. lineata were obtained from a laboratory colony maintained at the 

University of Arizona, which was established from moths caught at several locations 

in the Southwestern US (primarily SRER and near Anza-Borrego). To maintain the 

colony, adult moths were presented with potted Oenothera caespitosa (Onagraceae) 

plants as an oviposition substrate. Eggs collected from these plants were isolated, 

and hatched larvae were fed an artificial wheat-germ based diet (see Davidowitz et 

al. 2003). Larvae were kept in communal rearing pans with other larvae in the same 

instar, with decreasing numbers of larvae per pan at each instar to prevent 

overcrowding. To stimulate rapid eclosion from the pupa, larvae were reared on a 

long-day 17-7 hr light:dark cycle at 25°C and 40-50% relative humidity.  

To determine the flight performance of male and female H. lineata, moths 

were flown on horizontal flight mills to quantify the distance they could fly during 

an 8-hour period. Moth pupae were obtained from the colony described above and 

allowed to eclose in polypropylene-screen cages. One day after eclosion, a harness 

was glued to the center of the moths’ thorax on the dorsal side. To ensure a strong 

bond, scales were removed from the placement location and the thorax cuticle was 
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abraded gently using sandpaper. The harnesses included a hollow aluminum cube 

attached to a 10mm plastic subminiature roller chain, allowing freedom of 

movement on the longitudinal axis of the moth (see Levin et al. 2017). The right 

forewing length of the moths was measured as a proxy for body size, after which 

they were allowed to rest for 24h.  

After this period, moths were flown on horizontal flight mills. The flight mills 

consisted of an aluminum tubing arm rotating above a central pivot. The arm radius 

was 31.85 cm such that a moth flying a full rotation would have flown two meters. 

Moths were connected to this arm by attaching an alligator clip to their harness 

chain. As the moths flew, flight distance was recorded using an infrared transmitter-

receiver (Monarch Instrument DC1250-U01), which registered every half rotation of 

the rotating arm (= 1 m; Levin et al. 2017). After being attached, moths were 

allowed to fly for 8 hours, during which the room was dark except for a shaded light 

facing a wall. After the flight period, the total flight distance was recorded.  

 

Data analysis:  

All analyses were performed using R version 3.5.1 (R Development Core 

Team 2014). 

Pollen load analysis: To test the prediction that females carry less diverse 

pollen loads than males, pollen load richness, evenness, and size (grain number) 

were analyzed using stepwise regressions through the function stepAIC in the MASS 

package in R (Venables and Ripley 2002). The initiating models included sex, 

proboscis length, site, year, month, and their interactions. Proboscis length was used 
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as our measure of moth size because it was significantly correlated with right 

forewing length (RFW; linear model, p <0.001) and is more directly relevant to 

feeding behavior. Models performed using RFW are qualitatively similar to those 

presented below. Analyses of pollen species richness were performed using Poisson 

GLMs. Analyses of pollen load size were performed using negative binomial GLMs 

due to high overdispersion in Poisson models. Evenness was logit transformed to 

correct for heteroskedasticity, and was analyzed using linear models (LMs). To 

assess differences in the identity of pollen species between male and female loads, 

differences in pollen load composition were tested using PERMANOVAs through the 

adonis2 function in the package vegan (Oksanen et al. 2018) with 10,000 

permutations. This model included moth sex, proboscis length, location, sample 

year, and their interactions.  To assess the potential effect of wing wear on the 

pollen loads, additional models were run for H. lineata in 2017 for which wing wear 

had been recorded. In these models, wing wear was not a significant predictor of 

pollen load species richness (Poisson GLM, n.s.), evenness (GLM, n.s.), or load size 

(Negative binomial GLM, n.s.). 

Choice assay: To test the prediction that females switch between flower 

species less frequently than males, flower choices were analyzed using a chi-square 

test, with sex (male vs female) and choice (“stay” vs “switch”) as the contingency 

table factors.  Separate chi-square tests were run for all choices, and for each flower 

species treatment separately. Three interviews were excluded due to the choice 

being made when one of the two flowers was noticeably closer to the moth than the 

other. 
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Flight distance measurement: To test the prediction that males have greater 

flight performance than females, the total 8-hour flight distance was analyzed using 

a LME. In this model, sex, right-forewing length, and their interactions were fixed 

effects, and flight mill within date were random effects. We also used 300m as a 

minimum threshold to include individual moths: moths below this threshold were 

active for less than 10 minutes during the 8 hours.  

 

Results: 

Magnitude and consistency of differences: wild moth pollen loads 

Individual moths varied extensively in proboscis pollen load size (0 to 3553 

grains) and species richness (0 to 11 species). Very few moths carried no pollen at 

all (28/748 moths, 3.74%). Pollen load size was significantly positively correlated 

with pollen load species richness, but this relationship was weak (linear model: p < 

0.001, R2 = 0.019). The number of moths captured at the blacklights varied 

substantially across years, and captures were biased towards females (overall 299 

males, 449 females). This pattern held across all years of sampling except 2016, 

during which the sampling period was shorter and only 39 moths were caught. Our 

metric of moth age (wing wear) had no significant effect on pollen load size or 

richness. For the final models selected through the stepwise regression, see Table 

S1. 

  

Pollen species diversity 
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 The pollen loads carried by moths differed by sex. Across the 5-year 

sampling period, female H. lineata carried more pollen species than did males 

(female mean: 3.16 species; male mean: 2.81 species; Poisson GLM, p = 0.029; Figure 

1). Sex interacted with proboscis length (p = 0.028), such that small females carried 

more species than small males. While there was no main effect of sample location, 

there was a statistical interaction between site and sex (p = 0.0035), such that the 

difference between males and females was larger at BC. Sex also interacted with 

both the year and month of sampling (p = 0.033 for sex : year; p = 0.018 for sex : 

month), with sex differences being largest in 2003, 2005 and 2015, and largest in 

August and September. For a summary of other significant tertiary and higher 

interactions, see supplementary Table SI.   

Pollen load evenness did not vary significantly with any of the explanatory 

variables, including sex.    

 

Pollen load size 

 H. lineata females carried significantly more pollen grains than males (female 

mean: 108.2 grains; male mean: 88.4 grains; negative binomial GLM, p = 0.004). 

While proboscis length and sample location had only marginal main effects, they 

both had statistically significant interactions with sex (p = 0.002 for sex : proboscis; 

p = 0.004 for sex : site), such that both very small and very large males carried fewer 

pollen grains, and females carried more grains than males at BC but not at SRR. Sex 

also interacted with year (p = 0.004) and month (p = 0.008), such that sex 

differences were largest in 2005 and in May and June. All significant tertiary and 
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higher interactions in this model include sex as well; for a summary of these 

interactions, see Table S2.    

 

Pollen load composition 

 Variation in pollen load composition was extremely high among individuals. 

However, there was a significant, although small, effect of site on pollen load 

composition (PERMANOVA, R2 = 0.02, p < 0.001) as well as an interaction between 

site and sex (R2 = 0.011, p = 0.033).  

 

Floral fidelity: Flower choice experiment 

 In total, 47 moths were “interviewed” in the Ipomoea vs Mimosa treatment, 

and 20 were “interviewed” in the Ipomoea vs Kallstroemia treatment. Across both 

sexes, individuals switched in approximately 14% of trials (8/64; Table 1). While 

there was a modest trend for females to switch more frequently than males, this 

trend was not significant (Chi-squared test, p = 0.34). None of the moths switched to 

Kallstroemia; analyzing the Mimosa trials alone increased the estimated switching 

rate to 18% (8/44), but the switching rate again did not differ between the sexes.   

 

Moth dispersiveness: flight distance  

 On the laboratory flight mill, male H. lineata tended to fly longer distances 

than females (Males: mean 2768.8m +/- 725.8; Females: mean 1680.1m +/- 370.7), 

and this relationship approached significance (LME p = 0.059). Sex also interacted 
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with right forewing length, such that larger males flew longer distances than larger 

females (LME, p = 0.036; Figure 3).  

 

 

Discussion 

Sex is associated with differences in pollinator behavior that have the 

potential to influence the preferences, constancy, and mobility of floral foragers in 

predictable ways, and to affect the pollination service these foragers provide to 

plants (Smith et al. 2019). To date, however, the majority of our understanding of 

these effects comes indirectly from work on other topics, and the predictions that 

emerge from this understanding have not been explicitly tested. In this study, we 

tested three predictions relating to sex differences in the pollination behavior of the 

hawkmoth Hyles lineata: 1) that females consistently carry pollen loads with lower 

species diversity, 2) that females switch less frequently between floral resources, 

and 3) that males show the greater flight performance required for more dispersive 

foraging patterns.  

 

Magnitude and consistency of differences: wild moth pollen loads 

As predicted, we found evidence for large and consistent differences in the 

pollen loads carried by male and female moths over our five-year sampling period, 

even in the face of high inter-annual variation in this system (Wright et al. 2015). 

The nature of the differences found, however, did not meet predictions: male H. 

lineata carried smaller and less species-rich loads than females, and pollen load 
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evenness did not differ between the sexes. This effect was not due to females being 

larger than males in this species, as proboscis length had smaller and independent 

effects on the pollen loads. Indeed, differences in pollen species richness were 

especially large between small males and small females. We also found little 

evidence that moth age biased our results, as moths with more wing wear did not 

carry more species rich loads than pristine moths. While it is possible that this 

measure did not capture age variation in H. lineata, wing wear does predict age in 

other systems (e.g., Koscinski et al. 2011; Rhainds 2015). Thus, we would argue that 

differences in pollen species richness are not simply due to older moths 

accumulating more pollen species over time.  

Though variability in pollen species composition was extremely high, there 

remained significant differences in the pollen carried by males and females. For 

example, females carried more pollen from species such as Mimosa dysocarpa 

(Fabaceae) and Agave palmeri (Asparagaceae), but less from species such as 

Argemone plieacantha (Papaveraceae) and Datura wrightii (Solanaceae). The 

reasons for these particular patterns are unclear, though differences in flower 

preference, habitat preference, and diurnal activity patterns may contribute to 

them. For example, pollen load composition may reflect divergent foraging 

preferences of the sexes, either for floral traits or reward composition. Females 

carrying higher proportions of A. palmeri while males carry higher proportions of D. 

wrightii pollen may be consistent with this hypothesis. Females may prefer A. 

palmeri because it offers large volumes of relatively dilute nectar that they can use 

to provision their water-rich eggs (Kawooya and Law 1988). Males may prefer the 
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more highly concentrated nectar of D. wrightii, as it offers fuel for their flight 

without increasing the load they have to carry. Similar preferences have been 

observed in other locally occurring hawkmoths (Alarcón et al. 2010).  

Alternatively, the composition differences between males and females may 

be due to sex differences in habitat preference. Female moths did carry more pollen 

from species such as M. dysocarpa and A. palmeri that are more abundant at BC 

relative to SRR; even without preference differences, females might visit these 

species more often if they spent more time near BC than males. The relative 

proportion of males vs. females captured between these two sites was similar, 

however, suggesting that habitat preference is unlikely to explain the pollen load 

composition differences alone.  

Differences in activity time between the sexes could also affect which flowers 

are available and offering rewards to females and males. In laboratory settings, 

female H. lineata are most active shortly after the onset of darkness, while males 

become active later and continue to be active into daytime light conditions when 

female mating receptivity is high (Broadhead et al. 2017). Males may therefore be 

less active when dusk-blooming flowers undergo anthesis. These diurnal activity 

patterns may also explain why we captured more female moths than male moths 

with our early-evening blacklighting, but it is unclear how this difference would 

explain the specific differences we found in pollen load species composition.   

It is also interesting to note that collection site frequently had a large impact 

on pollen loads. Female moths collected at the higher elevation and wetter BC site 

typically carried larger and more species-rich loads than females collected at SRR, 
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despite the fact that the two sites are within 5km of each other. This is especially 

striking given that these moths are known to travel much longer distances 

(Stockhouse 1973), and moths collected in this study frequently carried pollen from 

plant species that did not grow near our collection sites. For example, Aquilegia 

chrysantha (Ranunculaceae) pollen was found on many SRR moths, but the closest 

A. chrysantha population we are aware of is about 8km away. This suggests that 

moths likely forage in relatively localized areas, interspersed with occasional long-

distance dispersal.  

 

Pollen species richness 

We initially predicted that females would carry less diverse pollen loads due 

to the high incentives of specializing on high quality resources for egg provisioning 

(Smith et al. 2019). Our results suggest that this is not the case for H. lineata. Rather 

than specializing on a few high quality resources, females consistently carry more 

species rich pollen loads than males. Below we discuss two potential explanations 

for this pattern: that females switch between resources more frequently than males, 

and that the sexes differ in the flowers they encounter on the landscape.  

 

Floral fidelity: Flower choice experiment 

Contrary to our predictions, we found no significant differences between 

males and females in their propensity to switch to a new resource in our choice 

experiment. Although females did switch at nearly twice the rate of males (20% for 

females vs. 10% for males), given these low rates we would conclude that 
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differences in floral resource switching between males and females are unlikely to 

be a major reason that female H. lineata carry more species-rich pollen loads. 

While we were only able to estimate the switching rate of moths in one 

direction (i.e., I. ternifolia → M. dysocarpa, but not M. dysocarpa → I. ternifolia), the 

15%-20% overall switching rate of the moths we interviewed is within the range 

observed in other Lepidoptera (e.g., Kearns and Inouye 1993; Goulson et al. 1997; 

but see Pohl et al. 2011). They are also similar to rates found using the interview 

stick technique in bees (e.g., Wilson and Stine 1996; Janovský et al. 2017). The large 

difference in switching rates between Ipomoea and Kallstroemia and Ipomoea and 

Mimosa were unexpected, but constancy rates can be highly dependent on patch 

context and species identity (Wilson and Stine 1996). Though we observed few 

flower species in bloom that could be size-matched to Ipomoea ternifolia during our 

study, investigating H. lineata switching rates with other flower species would be an 

important step to more accurately assess floral fidelity in H. lineata. 

It is also possible that females are mixing their diets over longer time scales. 

Even relatively closely related plants can differ in the types of sugars and amino 

acids in their nectar (Wolff and Liede-Schumann 2007), and Lepidoptera can be 

sensitive to these differences (Rusterholz and Erhardt 2000). Male and female 

hawkmoths are also known to utilize these nectar components differently (Levin et 

al. 2017). Female H. lineata may therefore need to visit multiple resources to 

acquire different rewards (e.g., sugars to fuel flight vs amino acids to provision eggs) 

or to appropriately balance diverse amino acids for offspring provisioning. Because 

males don’t provision eggs, they may require less diverse resources (Smith et al. 
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2019), although fed males have indirect effects on female fecundity (Levin et al. 

2016) . Our floral choice experiment suggests that this higher diet-mixing rate for 

females does not happen at the level of a single bout, but other pollinators are 

known to specialize on a single resource during one bout but gather multiple 

resources across bouts (e.g., Russell et al. 2017). The fact that females carry more 

species rich but similarly even loads compared to males is potentially consistent 

with this hypothesis: females are not just sampling diverse flowers before returning 

to preferred resources, but are visiting more flower species at similar proportions 

as males.  

 

Moth dispersiveness: flight performance   

In hawkmoths, males secure mates by detecting and tracking the 

pheromones released by females (Janzen 1984). As such, we expected male 

hawkmoths to be stronger fliers, enabling them to search larger areas for 

pheromones and to successfully track their source before other males. Consistent 

with this expectation, we found that males flew longer distances than females in our 

flight mill assay; thus, despite the fact that H. lineata is highly mobile at large spatial 

scales, males are likely to be flying more and exhibiting more dispersive patterns in 

nature. The flight differences were particularly striking among the largest moths. As 

larger female Lepidoptera carry more eggs (Honek 1993), this effect of body size 

may be due to the larger females carrying a heavy egg load while males fly 

unencumbered. The higher energetic costs of carrying this load (Willmott and 

Ellington 1997) and the need to deposit their eggs should incentivize females to 
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forage over shorter distances, while males range further to find mating 

opportunities. The sex differences between our two collection sites are consistent 

with this argument: females showed larger differences in their pollen load 

composition between BC and SRR than males. This may suggest that females are 

foraging in smaller local areas and moving between the sites less frequently. 

Directly observing the foraging of H. lineata across flower patches, however, is a 

critical complement to these laboratory flight experiments. 

 Though males fly further in the lab than females, this distance it is not 

associated with the higher pollen load diversity that we expected: for H. lineata, the 

higher flight distances of the males is associated with lower, rather than higher, 

pollen load species richness. One hypothesis to explain this pattern is that if males 

fly longer distances and encounter more flowers than females, they may be able to 

choose to visit only the largest or most rewarding species. While selectivity could 

cause males to carry fewer pollen species in their loads, we find this possibility 

unlikely. We would predict more selective males to switch between flower species 

less frequently than females, but we found little difference in floral fidelity in our 

flower choice assay. A potentially more likely hypothesis is that males are simply 

spending more of their time flying looking for mates, rather than foraging. If the 

overall flower visitation frequency is lower in males than females, as has been 

shown in several other pollinator groups (Borkent and Schlinger 2008; Labouche 

and Bernasconi 2010; Wolf and Moritz 2014), males may accumulate less species-

rich pollen loads even if they are encountering more flower species than females. 
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While we are unable to evaluate this possibility directly with our current study, the 

fact that females carry larger loads than males is consistent with this hypothesis.  

 

Sex differences in H. lineata and other pollinators 

Across the different experiments in this study, we found that the foraging 

behavior of Hyles lineata hawkmoths differed consistently by sex, but that the 

mechanistic hypotheses based on previous work in other taxa did not predict the 

differences we found. We expected that female H. lineata would carry less diverse 

pollen loads and display higher constancy based on studies from bees in which 

females carried higher conspecific pollen loads and lower pollen diversity (e.g., 

Ne’eman et al. 2006; Ritchie et al. 2016; Smith et al. 2019). Though the floral 

foraging of female Lepidoptera can be biased towards flowering oviposition hosts 

(Altermatt and Pearse 2011; Smith et al. 2018), H. lineata females carried more 

species rich pollen loads and switched between resources at similar rates to males. 

Because H. lineata and these bees all have wide diet breadths, we would speculate 

that the difference in direction may be due to H. lineata lacking central-place 

foraging or the foraging efficiency demands of filling brood cells (Smith et al. 2019). 

In the absence of the spatial constraints of a nest, female moths can likely range 

further and may be better able to encounter diverse rewards. Furthermore, given 

that H. lineata collects only nectar, it is possible that they have to visit more species 

to collect diverse nutritional resources. 

Male H. lineata were predicted to have greater flight performance based on 

findings that male bees are more efficient fliers than female bees (e.g., Darveau et al. 
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2014), and male bees and flies show more mobile foraging patterns (e.g., Ne’eman et 

al. 2006; Borkent and Schlinger 2008; Wolf and Moritz 2014; Smith et al. 2019). 

While in these other taxa this greater mobility is associated with higher pollen 

diversity, longer flight distance was associated with lower pollen species richness in 

H. lineata. To speculate again, this difference may be due to mating system. While 

the mobility helps all these species move over large distances while searching for 

mates, many bees and flies search for females using vision, while hawkmoths track 

pheromone plumes (van Praagh et al. 1980; Janzen 1984; Borkent and Schlinger 

2008). Thus, while bees use shorter-range visual cues to search among flowers and 

have every opportunity to visit diverse species, hawkmoths may bypass many 

flowers as they track odor cues that are detectable over longer distances.  

Despite this variation among taxa, it is clear that sex-associated differences in 

pollinator foraging behavior can be large and consistent over time. Thus, accounting 

variation between males and females is critical to understanding plant-pollinator 

interactions. It is also clear, however, that the mechanisms underlying the 

directionality of these differences are strongly influenced by pollinator-specific 

traits. We therefore echo previous calls for further study of sex-associated 

differences in plant-pollinator interactions, and for a strong focus on how these 

differences interact with the natural history of the pollinators.  

 

 
 
 
 
 
 



 

 134 

References: 
 

Adler LS, Bronstein JL. 2004. Attracting antagonists: Does floral nectar increase leaf 

herbivory? Ecology. 85(6):1519–1526. doi:10.1890/03-0409. 

Alarcón R, Davidowitz G, Bronstein JL. 2008. Nectar usage in a southern Arizona 

hawkmoth community. Ecol Entomol. 33(4):503–509. doi:10.1111/j.1365-

2311.2008.00996.x. 

Alarcón R, Riffell JA, Davidowitz G, Hildebrand JG, Bronstein JL. 2010. Sex-dependent 

variation in the floral preferences of the hawkmoth Manduca sexta. Anim Behav. 

80(2):289–296. doi:10.1016/j.anbehav.2010.05.007. 

Altermatt F, Pearse IS. 2011. Similarity and specialization of the larval versus adult 

diet of european butterflies and moths. Am Nat. 178(3):372–382. 

doi:10.1086/661248. 

Amorim FW, Wyatt GE, Sazima M. 2014. Low abundance of long-tongued pollinators 

leads to pollen limitation in four specialized hawkmoth-pollinated plants in the 

Atlantic rain forest, Brazil. Naturwissenschaften. 101(11):893–905. 

doi:10.1007/s00114-014-1230-y. 

Andersson M. 1994. Sexual selection. Princeton, New Jersey: Princeton University 

Press. 

Bischoff M, Campbell DR, Lord JM, Robertson AW. 2013. The relative importance of 

solitary bees and syrphid flies as pollinators of two outcrossing plant species in 

the New Zealand alpine. Austral Ecol. 38:169–176. doi:10.1111/j.1442-

9993.2012.02389.x. 

Bolnick DI, Amarasekare P, Araujo MS, Burger R, Levine JM, Novak M, Rudolf VHW, 



 

 135 

Schreiber SJ, Urban MC, Vasseur DA. 2011. Why intraspecific trait variation 

matters in community ecology. Trends Ecol Evol. 26(4):183–192. 

doi:10.1016/j.tree.2011.01.009. 

Borkent CJ, Schlinger EI. 2008. Flower-visiting and mating behaviour of Eulonchus 

sapphirinus (Diptera: Acroceridae). Can Entomol. 140(02):250–256. 

doi:10.4039/n07-060. 

Broadhead GT, Basu T, von Arx M, Raguso RA. 2017. Diel rhythms and sex 

differences in the locomotor activity of hawkmoths. J Exp Biol. 220(8):1472–

1480. doi:10.1242/jeb.143966. 

Casey TM. 1976. Activity patterns , body temperature and thermal ecology in two 

sesert caterpillars (Lepidoptera: Sphingidae). Ecology. 57(3):485–497. 

Castellanos MC, Wilson P, Thomson JD. 2003. Pollen transfer by hummingbirds and 

bumblebees, and the divergence of pollination modes in Penstemon. Evolution. 

57(12):2742–2752. doi:10.1111/j.0014-3820.2003.tb01516.x. 

Dall SR, Bell AM, Bolnick DI, Ratnieks FLW. 2012. An evolutionary ecology of 

individual differences. Ecol Lett. 15(10):1189–1198. doi:10.1111/j.1461-

0248.2012.01846.x. 

Darveau C-A, Billardon F, Belanger K. 2014. Intraspecific variation in flight 

metabolic rate in the bumblebee Bombus impatiens: repeatability and functional 

determinants in workers and drones. J Exp Biol. 217(4):536–544. 

doi:10.1242/jeb.091892. 

Davidowitz G, D’Amico LJ, Nijhout HF. 2003. Critical weight in the development of 

insect body size. Evol Dev. 5(2):188–197. doi:10.1046/j.1525-



 

 136 

142X.2003.03026.x. 

Dupont YL, Trøjelsgaard K, Olesen JM. 2011. Scaling down from species to 

individuals: a flower-visitation network between individual honeybees and 

thistle plants. Oikos. 120(2):170–177. doi:10.1111/j.1600-0706.2010.18699.x. 

Goulson D, Stout JC, Hawson SA. 1997. Can flower constancy in nectaring butterflies 

be explained by Darwin’s interference hypothesis? Oecologia. 112(2):225–231. 

doi:10.1007/s004420050304. 

Grant V. 1983. The systematic and geographical distribution of hawkmoth flowers in 

the temperate North American flora. Bot Gaz. 144(3):439–449. 

Honek A. 1993. Intraspecific variation in body size and fecundity in insects: a 

general relationship. Oikos. 66(3):483–492. 

Janovský Z, Smyčka J, Smyčková M, Herben T. 2017. Pollinator preferences and 

flower constancy: is it adaptive for plants to manipulate them? Biol J Linn Soc. 

121(3):475–483. doi:10.1093/biolinnean/blw032. 

Janzen DH. 1984. Two ways to be a tropical big moth: Santa Rosa saturniids and 

sphingids. Oxford Surv Evol Biol. 1(November):85–144. 

Johnson SD, Moré M, Amorim FW, Haber WA, Frankie GW, Stanley DA, Cocucci AA, 

Raguso RA. 2017. The long and the short of it: a global analysis of hawkmoth 

pollination niches and interaction networks. Funct Ecol. 31(1):101–115. 

doi:10.1111/1365-2435.12753. 

Kawooya JK, Law JH. 1988. Role of lipophorin in lipid transport to the insect egg. J 

Biol Chem. 263(18):8748–8753. 

Klein AM, Vaissière BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen C, 



 

 137 

Tscharntke T. 2007. Importance of pollinators in changing landscapes for world 

crops. Proc R Soc B Biol Sci. 274(1608):303–313. doi:10.1098/rspb.2006.3721. 

Koscinski D, Crawford LA, Keller HA, Keyghobadi N. 2011. Effects of different 

methods of non-lethal tissue sampling on butterflies. Ecol Entomol. 36(3):301–

308. doi:10.1111/j.1365-2311.2011.01272.x. 

Labouche AM, Bernasconi G. 2010. Male moths provide pollination benefits in the 

Silene latifolia-Hadena bicruris nursery pollination system. Funct Ecol. 

24(3):534–544. doi:10.1111/j.1365-2435.2009.01658.x. 

Levin E., Lopez-Martinez G, Fane B, Davidowitz G. 2017. Hawkmoths use nectar 

sugar to reduce oxidative damage from flight. Science (80- ). 355(6326):733–

735. doi:10.1126/science.aah4634. 

Levin Eran, McCue MD, Davidowitz G. 2017. Sex differences in the utilization of 

essential and non-essential amino acids in Lepidoptera. J Exp Biol. 

220(15):2743–2747. doi:10.1242/jeb.154757. 

Levin E, Mitra C, Davidowitz G. 2016. Fed males increase oviposition in female 

hawkmoths via non-nutritive direct benefits. Anim Behav. 112:111–118. 

doi:10.1016/j.anbehav.2015.11.019. 

De Lisle SP, Rowe L. 2015. Ecological character displacement between the sexes. Am 

Nat. 186(6):693–707. doi:10.1086/683775. 

Martins DJ, Johnson SD. 2013. Interactions between hawkmoths and flowering 

plants in east africa: polyphagy and evolutionary specialization in an ecological 

context. Biol J Linn Soc. 110(1):199–213. doi:10.1111/bij.12107. 

Maruyama PK, Justino DG, Oliveira PE, Arroyo J. 2016. Does intraspecific 



 

 138 

behavioural variation of pollinator species influence pollination? A quantitative 

study with hummingbirds and a Neotropical shrub. Plant Biol. 18(6):913–919. 

doi:10.1111/plb.12492. 

Mock D, Ohlenbusch PD. 1981. Whitelined sphinx moth Hyles lineata (Fabricius) 

larvae on rangeland vegetation. J Range Manag. 34(5):428–430. 

Nakashima Y, Hirose Y. 2003. Sex differences in foraging behaviour and oviposition 

site preference in an insect predator, Orius sauteri. Entomol Exp Appl. 

106(2):79–86. doi:10.1046/j.1570-7458.2003.00002.x. 

Ne’eman G, Shavit O, Shaltiel L, Shmida A. 2006. Foraging by male and female 

solitary bees with implications for pollination. J Insect Behav. 19(3):383–401. 

doi:10.1007/s10905-006-9030-7. 

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, 

O'Hara RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E and Wagner H. 

2018. vegan: Community Ecology Package. R package version 2.5-2. 

https://CRAN.R-project.org/package=vegan 

Ostevik K, Manson J, Thomson J. 2010. Pollination potential of male bumble bees 

(Bombus impatiens): movement patterns and pollen-transfer efficiency. J 

Pollinat Ecol. 2(November):21–26. 

Perry G, Garland, Jr T. 2002. Lizard home ranges revisited: effects of sex, body size, 

diet, habitat, and phylogeny. Ecology. 83(7):1870–1885. doi:10.2307/3071771. 

Pinheiro J, Bates D, DebRoy S, Sarkar D and R Core Team (2014). _nlme: Linear and 

Nonlinear Mixed Effects Models_. R package version 3.1-118. 

Pohl NB, Van Wyk J, Campbell DR. 2011. Butterflies show flower colour preferences 



 

 139 

but not constancy in foraging at four plant species. Ecol Entomol. 36(3):290–

300. doi:10.1111/j.1365-2311.2011.01271.x. 

van Praagh JP, Ribi W, Wehrhahn C, Wittmann D. 1980. Drone bees fixate the queen 

with the dorsal frontal part of their compound eyes. J Comp Physiol A. 

136(3):263–266. doi:10.1007/BF00657542. 

R Core Team. 2019. R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-

project.org/. 

Raguso RA, Light DM, Pickersky E. 1996. Electroantennogram responses of Hyles 

lineata (Sphingidae: Lepidoptera) to volatile compounds from Clarkia breweri 

(Onagraceae). J Chem Ecol. 22(10):1735–1766. doi:10.1007/BF02028502. 

Rhainds M. 2015. Wing wear and body size measurements of adult spruce 

budworms captured at light traps: inference on seasonal patterns related to 

reproduction. Appl Entomol Zool. 50(4):477–485. doi:10.1007/s13355-015-

0355-6. 

Ritchie AD, Ruppel R, Jha S. 2016. Generalist behavior describes pollen foraging for 

perceived oligolectic and polylectic bees. Environ Entomol. 45(4):909–919. 

doi:10.1093/ee/nvw032. 

Russell AL, Morrison SJ, Moschonas EH, Papaj DR. 2017. Patterns of pollen and 

nectar foraging specialization by bumblebees over multiple timescales using 

RFID. Sci Rep. 7(November):1–13. doi:10.1038/srep42448. 

Rusterholz H-P, Erhardt A. 2000. Can nectar properties explain sex-specific flower 

preferences in the Adonis Blue butterfly Lysandra bellargus? Ecol Entomol. 



 

 140 

25:81–90. 

Sazatornil FD, Moré M, Benitez-Vieyra S, Cocucci AA, Kitching IJ, Schlumpberger BO, 

Oliveira PE, Sazima M, Amorim FW. 2016. Beyond neutral and forbidden links: 

morphological matches and the assembly of mutualistic hawkmoth–plant 

networks. J Anim Ecol. 85(6):1586–1594. doi:10.1111/1365-2656.12509. 

Sharp DN, Lentz-Ronning AJ, Barron J, Adler LS. 2009. The effect of larval diet and 

sex on nectar nicotine feeding preferences in Manduca sexta (Lepidoptera: 

Sphingidae). Florida Entomol. 92(2):374–376. doi:10.1653/024.092.0225. 

Smith GP, Bronstein JL, Papaj DR. 2019. Sex differences in pollinator behavior: 

patterns across species and consequences for the mutualism. J Anim 

Ecol.(December):1365-2656.12988. doi:10.1111/1365-2656.12988. 

Smith GP, Johnson CA, Davidowitz G, Bronstein JL. 2018. Linkages between 

nectaring and oviposition preferences of Manduca sexta on two co-blooming 

Datura species in the Sonoran Desert. Ecol Entomol. 43(1):85–92. 

doi:10.1111/een.12475. 

Stockhouse RE. 1973. Biosystematic studies of Oenothera L. subgenus Plachylophus. 

Takayama S, Isogai A. 2005. Self-incompatibility in plants. Annu Rev Plant Biol. 

56:467–489. doi:10.1146/annurev.arplant.56.032604.144249. 

Terblanche JS, Anderson B. 2010. Variation of foraging rate and wing loading, but 

not resting metabolic rate scaling, of insect pollinators. Naturwissenschaften. 

97(8):775–780. doi:10.1007/s00114-010-0693-8. 

Thomson JD. 1981. Field measures of flower constancy in bumblebees. Am Midl Nat. 

105(2):377–380. 



 

 141 

Thomson JD, Goodell K. 2001. Pollen removal and deposition by honeybee and 

bumblebee visitors to apple and almond flowers. J Appl Ecol. 38(5):1032–1044. 

doi:10.1046/j.1365-2664.2001.00657.x. 

Tur C, Vigalondo B, Trøjelsgaard K, Olesen JM, Traveset A. 2014. Downscaling 

pollen-transport networks to the level of individuals. J Anim Ecol. 83(1):306–

317. doi:10.1111/1365-2656.12130. 

Venables WN and Ripley BD. 2002. Modern Applied Statistics with S. Fourth Edition. 

Springer, New York. ISBN 0-387-95457-0.  

Waser NM. 1986. Flower constancy: definition, cause, and measurement. Am Nat. 

127(5):593–603. doi:10.1086/521238. 

West-Eberhard MJ. 2014. Darwin’s forgotten idea: the social essence of sexual 

selection. Neurosci Biobehav Rev. 46(P4):501–508. 

doi:10.1016/j.neubiorev.2014.06.015. 

Willmer PG, Finlayson K. 2014. Influencia Da Polinização. 14(23):244–254. 

Willmott AP, Ellington CP. 1997. The mechanics of flight in the hawkmoth Manduca 

sexta. II. Aerodynamic consequences of kinematic and morphological variation. J 

Exp Biol. 200(21):2705–2722. 

Wilson P, Stine M. 1996. Floral constancy in bumble bees: handling efficiency or 

perceptual conditioning? Oecologia. 106(4):493–499. doi:10.1007/bf00329707. 

Wolf S, Moritz RF a. 2014. The pollination potential of free-foraging bumblebee 

(Bombus spp.) males (Hymenoptera: Apidae). Apidologie. 45(4):440–450. 

doi:10.1007/s13592-013-0259-9. 

Wolff D, Liede-Schumann S. 2007. Evolution of flower morphology, pollen 



 

 142 

dimorphism, and nectar composition in Arcytophyllum, a distylous genus of 

Rubiaceae. Org Divers Evol. 7(2):106–123. doi:10.1016/j.ode.2006.02.005. 

Wright KW, Vanderbilt KL, Inouye DW, Bertelsen CD, Crimmins TM. 2015. Turnover 

and reliability of flower communities in extreme environments: Insights from 

long-term phenology data sets. J Arid Environ. 115(2015):27–34. 

doi:10.1016/j.jaridenv.2014.12.010. 

 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 



 

 143 

 
Figure 1: Average pollen load species richness carried by male and female the Hyles 
lineata. Error bars represent SE.  
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Figure 2: Average pollen load composition carried by males and females of the 
hawkmoth Hyles lineata at the Santa Rita Ranch (SRR) and Box Canyon (BC) 
collection sites. Within each column, the color bars represent the average number of 
grains carried for each of the nine most abundant pollen species in our sample. All 
other rarer pollen species are pooled into the “Other species” category. 
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Figure 3: Distance flown by male and female Hyles lineata in 8 hours. Blue circles 
represent males, and red circles represent females. The lines represent the linear 
best-fit line for each sex; the male line is significantly different from 0, while the 
female line is not. Male moths flew longer distances than females (Linear mixed 
model, p = 0.059), and large males flew significantly longer distances than large 
females (sex: size interaction, p = 0.036).  
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Table 1: Flower choices by male and female Hyles lineata hawkmoths of flowers 
presented with interview sticks. Moths foraging on Ipomoea ternifolia were offered 
either another I. ternifolia flower (stay) or a flower of a different species (Mimosa 
dysocarpa or Kallstroemia grandiflora; switch). Males and females did not differ 
significantly in their rate of switching (X2, n.s.). 

 Stay Switch 
Females 25 5 
Males 31 3 
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Table S1: Models selected through stepwise regression. Interaction terms are 
designated with a colon between the two factors. “Prob.” represents proboscis 
length in millimeters. Location refers to the two capture sites BC and SRR. p values 
below the 0.05 significance threshold are marked with an asterisk.  

Pollen load 
characteristic 

Model Type Final Model Terms p value 

Load species 
richness 

Poisson GLM Sex +  
Prob. +  
Location +  
Year +  
Month +  
Sex:Prob. +  
Sex:Location + 
Prob.:Location +  
Sex:Year +  
Sex:Month +  
Prob.:Month + 
Location:Month + 
Year:Month + 
Sex:Prob.:Location +  
Sex:Prob.:Month + 
Sex:Year:Month 

0.029* 
0.737 
0.685 
0.216 
0.218 
0.027* 
0.003* 
0.001* 
0.033* 
0.018* 
0.985 
0.003* 
0.219 
0.002* 
0.047* 
0.020* 

Load evenness Linear model Location 0.151 
Load size Negative 

binomial GLM 
Sex +  
Prob. +  
Location +  
Year +  
Month +  
Sex:Prob. +  
Sex:Location + 
Prob.:Location +  
Sex:Year +  
Prob.:Year +  
Location:Year +  
Sex:Month +  
Prob.:Month + 
Location:Month +  
Year:Month + 
Sex:Prob.:Location + 
Sex:Prob.:Year + 
Sex:Location:Year +  
Prob.:Location:Year + 
Sex:Prob.:Month + 
Sex:Location:Month + 
Prob.:Location:Month + 

0.004* 
0.062 
0.087 
0.078 
0.069 
0.002* 
0.004* 
0.056 
0.004* 
0.063 
0.088 
0.008* 
0.056 
0.102 
0.069 
0.002* 
0.002* 
0.004* 
0.057 
0.004* 
0.007* 
0.066 
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Sex:Year:Month + 
Prob.:Year:Month +  
Location:Year:Month + 
Sex:Prob.:Location:Year + 
Sex:Prob.:Year:Month +  
Prob.:Location:Year:Month 

0.007* 
0.056 
0.103 
0.002* 
0.003* 
0.067 
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Abstract 

Diet breadth is a core component of pollination ecology. From the animal 

perspective it can influence the set of available resources, while from the plant 

perspective it can influence the quality and quantity of pollen donated and received. 

Though specialization is often categorized at the species level, there is increasing 

recognition that variation below this level can have important ecological and 

evolutionary consequences. How pollinators vary in specialization between 

individuals, however, has only been minimally studied. In particular, the degree to 

which resource species richness vs. evenness vary at this level is unknown. We use 

the pollen loads carried by the hawkmoths Manduca sexta, M. quinquemaculata, and 

Hyles lineata to examine 1) the degree to which pollen load richness and evenness 

are both lower at the individual level compared to the population level; 2) whether 

individuals within specialist species carry less diverse loads than individuals in 

generalist species; 3) whether population-level diet breadth is a stronger driver of 

diet breadth variation than body size and sex; and 4) whether individuals in 

specialist species are less variable in pollen load diversity than individuals in 

generalist species. We found that at the population level, H. lineata, considered a 

generalist, carried twice as many pollen species than did either Manduca species. 

Individuals within each of the three species varied extensively in pollen load 

diversity, although the average pollen load species richness was low and similar 

across all three species. Pollen load evenness, on the other hand, was lower for 

individuals of the two specialist Manduca species relative to the generalist Hyles. 

Manduca individuals also showed lower among-individual variation than did Hyles 
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in both richness and evenness. Thus, while individuals across all three species may 

be similarly constrained to visit only a few resources among those available, Hyles 

individuals showed more generalization at the individual level. Together, these 

results suggest that integrating measures of specialization across levels can reveal 

ecological patterns that are not evident by examining a single level.  
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Introduction  

Diet breadth is a core component of pollination ecology. From the animal 

perspective, it can influence the pollinator’s availability of resources, foraging 

efficiency and nutrient quality (Strickler 1979; Klumpers et al. 2019). From the 

plant perspective, pollinator diet breadth can influence the pollen transfer services 

received by changing pollination efficiency and heterospecific pollen transfer rates 

(Morales and Traveset 2008; Scopece et al. 2009). Differences in diet breadth can 

have both ecological and evolutionary consequences for both partner species, 

influencing trait evolution, diversification rates, and community persistence 

(Armbruster and Muchhala 2009; Bastolla et al. 2009; Benadi et al. 2013; 

Armbruster 2017). 

Precise definitions of diet breadth are still actively debated (e.g., Loxdale and 

Harvey 2016; Armbruster 2017). Many authors have described a species’ diet items 

using metrics such as species numbers (Symons and Beccaloni 1999) or 

phylogenetic distance, either continuously (Jorge et al. 2014) or in discrete 

categories (e.g. number of orders, families or genera eaten; Altermatt and Pearse 

2011; Loxdale and Harvey 2016). Others have argued for the importance of 

functional groups of species that apply similar selection pressures on their partners 

(Fenster et al. 2004), or ordination distances based on how often groups of species 

interact with the same partners (Fordyce et al. 2016). Across these definitions, 

specialization has often been treated as a species-level trait, despite long-standing 

knowledge that diet breadth can vary within species (e.g., Heinrich 1976) and 

between populations (Fox and Morrow 1982). More recently, increasing evidence 
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has accumulated that variation in specialization within species can have important 

ecological impacts (Bolnick et al. 2003; Devictor et al. 2010; Brosi 2016), leading to 

a renewed interest in the topic. In pollination systems, empirical findings from bees 

and hummingbirds have demonstrated individual specialization (sensu Bolnick et al. 

2003), and in some cases diet breadth variation below the species level can be 

larger than among-species differences (e.g., Sipes and Tepedino 2005; Fontaine et al. 

2008; Maglianesi et al. 2015). This variation can affect species interactions at higher 

scales as well: plant-pollinator networks built with individuals rather than species 

have lower connectance and redundancy than networks built at the species level 

(Tur et al. 2014; Tur et al. 2015). To date, however, studies have only minimally 

investigated which aspects of diet breadth vary between individuals, or how the 

degree of variation differs across species. 

There are a number of ways that diet breadth can vary between individuals 

(Roughgarden 1972; Bolnick et al. 2003). The most obvious is diet item or partner 

species richness, the total number of partner species with which each individual 

interacts. This is often the metric by which specialization is categorized at the 

species level, for example describing the diet breadth of a given pollinator as the 

total number of plant species whose flowers it has been observed to visit. 

Individuals may also vary in diet item species evenness, or the relative frequency 

with which they interact with each partner. Variously captured in concepts such as 

interaction weight, visit proportion, or specificity of preference (Thompson and 

Pellmyr 1991; Joshi et al. 1997; Bascompte and Jordano 2007), evenness is a critical 

aspect of dietary specialization, with low evenness indicating that an individual 
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allocates the majority of its foraging effort towards a small subset of partners. 

Importantly, partner richness and evenness can vary independently: that is, 

individuals can have species-rich but highly uneven interactions, and vice versa 

(Figure 1). Differences along either axis could influence the pollination service 

provided to plants. For example, differences in partner richness may alter the 

probability of a pollinator transferring pollen to a conspecific vs. heterospecific 

flower, whereas evenness would alter the amount of conspecific vs. heterospecific 

pollen transferred to each partner. Investigating each at the individual level can 

improve our understanding of these interactions. 

Species-level diet breadth may also interact with other drivers of within-

species variation to influence specialization at the individual level. Body size, for 

instance, can affect specialization by influencing the number and identity of flower 

species that pollinators can physically access, leading larger animals to have more 

generalized diets (e.g., Johnson et al. 2017). Sex is associated with a number of 

behavioral differences in many pollinator taxa, with males expected to have wider 

diet breadths than females (Smith et al. 2019). Changes in community composition 

over time can also influence the resources available to an individual forager (Fox 

and Morrow 1981; CaraDonna et al. 2017). While species-level diet breadth should 

have consistent effects on individual behavior over time, its relative importance in 

shaping behavior compared to drivers such as sex and size is unknown.  

Finally, it is likely that the magnitude of variation in diet breadth below the 

species level varies in predictable ways across species. For example, specialists 

should have fewer resources available to them at the population level, so individuals 
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within specialist species should interact with fewer species than do individuals 

within generalist species. To the extent that they visit multiple species, specialists 

should by definition predominantly interact with their “primary” partners relative 

to “secondary” partners, whereas generalist individuals may display more similar 

interaction strengths across their partners in a given area. These patterns should 

also cause individuals within specialized species to display less between-individual 

variation in their diet breadths than those in generalized species. Patterns 

consistent with this last prediction have been observed in other systems (the niche 

variation hypothesis; van Valen 1965; Bolnick et al. 2007), but to our knowledge this 

hypothesis has never been tested explicitly in plant-pollinator interactions. 

Here, we examine how individuals vary in diet breadth within three 

hawkmoth species, one a generalist and the other two specialists at the species level, 

and assess the degree to which individual-level specialization matches species-level 

specialization. We test four predictions: 1) individual moths show both much lower 

species richness and lower evenness than do the species as a whole; 2) individuals 

within specialist species carry fewer pollen species and less even loads than do 

individuals in generalist species; 3) species-level diet breadth will be a stronger 

predictor of individual-level behavior than sex and body size; 4) individuals within 

specialist species display lower variation in their pollen load species richness and 

evenness than do individuals in generalist species.   
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Methods: 

 To examine species-level and individual-level diet breadth of nectar-foraging 

hawkmoths, we collected pollen loads from wild individuals captured at blacklights. 

Because hawkmoths do not collect or consume pollen, any pollen carried on their 

bodies is the result of passive pickup while they were foraging on nectar. 

Furthermore, hawkmoths curl their proboscises between their labial palps when 

they are not actively nectaring; pollen pickup during activities other than nectar 

foraging is therefore unlikely. As such, pollen loads represent a reliable record of 

individual foraging patterns (Alarcón et al. 2008).  

Study organism: We focused our analyses on the three most abundant 

hawkmoth species in southern Arizona: Hyles lineata, Manduca sexta, and Manduca 

quinquemaculata (Sphingidae). Hyles lineata is common across North America. It is a 

floral generalist at both local scales and across its range, with adults visiting a wide 

variety of plant species from many different families (Grant 1983; Raguso et al. 

1996; Alarcón et al. 2008). Relative to H. lineata, M. sexta and M. quinquemaculata 

are larger-bodied (mean right forewing length 31mm and 32mm, respectively, 

compared to 13mm for H. lineata) and have much more restricted host ranges. 

These species are local specialists (Fox and Morrow 1981) and typically visit only 

one or two species from the family Solanaceae in any location, though they visit 

more Solanaceae species across their range (Mechaber and Hildebrand 2000). In the 

southwestern U.S., Datura wrightii (Solanaceae) is both their primary host plant and 

an important nectar resource (Mira and Bernays 2002; Smith et al. 2018). Adults are 
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also frequently observed to visit the nectar-rich blooms of Agave palmeri (Alarcón et 

al. 2010).  

Study site: Hawkmoth pollen loads were sampled at the Santa Rita 

Experimental Range in the Santa Rita Mountains south of Tucson, AZ, USA. The site 

was near the Santa Rita Ranch (SRR, 31°47'02"N 110°49'31"W, 1319m elevation) in 

a grass-dominated plain with mesquite trees clustering around washes. Hawkmoth-

pollinated plants such as D. wrightii grow abundantly in the area.  

Moth collection: Individuals of all three hawkmoth species were collected 

weekly from blacklights at SRR from June through August 2004 and June through 

mid-September 2005. At sunset, 175-W mercury vapor lamps were lit on either side 

of a white reflective sheet. Moths were collected for the first three hours after 

sunset, during which the arrival time of each individual was recorded, in addition to 

its species, sex, proboscis length, and right forewing length.  

Moth pollen loads were collected by running a small cube of fuchsin gel 

(Kearns and Inouye 1993) down the length of the proboscis. This cube was then 

melted onto a microscope slide over an alcohol lamp and covered with a cover slip 

for analysis. The tools used to manipulate and measure the moths and unroll 

proboscises for pollen collection were cleaned with alcohol swabs between moths. 

After measurement and pollen collection, moths were kept in a holding cage until 

the end of the night and then were released.  

Pollen identification and analysis: The fuchsin-stained pollen grains in the 

pollen slides were counted in the lab using light and digital microscopes. Using 

pollen shape, size, pore characteristics, exine texture, and protrusion morphology, 
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these grains were distinguished into pollen morphotypes. These morphotypes were 

identified to the lowest possible taxon using an extensive reference collection of 

local plants (Alarcón et al. 2008). The vast majority of pollen grains were 

identifiable with this technique: only 4.2% of more than 75,000 pollen grains were 

unidentified.  

Data analysis:  

To test the prediction that moths carry lower pollen richness and evenness at 

the individual level than the population level, pollen load species richness and 

evenness were calculated both for each individual moth, and for each species as a 

whole by pooling individuals of that species. Comparisons between species-level 

evenness estimates and evenness at the level of individuals were performed using 

one-sample t-tests. As individual-level pollen species richness must by definition be 

equal to or lower than population-level richness, pollen species richness was not 

compared statistically. To visualize species-level diet breadth and between-

individual variation in pollen load species richness, pollen species accumulation 

curves (Figure 3) were produced using the specaccum function of the vegan 

package in R (Oksanen et al. 2018). To calculate confidence intervals around the 

mean accumulation curves, individual moths were added in random order with 100 

permutations.  

To test the prediction that individuals of specialist species have lower pollen 

load richness and evenness than individuals of generalist species, and that species-

level diet breadth will be a stronger predictor of behavior than other factors, pollen 

load species richness and evenness were analyzed using stepwise regressions 
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through the function stepAIC in the MASS package in R (Venables and Ripley 2002). 

The initiating models included moth species, sex, proboscis length, year, and their 

interactions. Proboscis length was included as a covariate because the three moth 

species vary in their average proboscis length (H. lineata: mean 38.2mm, M. sexta: 

91.4mm, M. quinquemaculata: 117.5mm). Proboscis length was also strongly 

correlated with right forewing length in this study (linear model, p <0.001; R2 = 

0.85). For the final models selected through the stepwise regression, see Table S1. 

The stepwise regressions analyzing pollen species richness were performed using 

Poisson GLMs. Evenness was logit transformed to correct for heteroskedasticity, and 

the stepwise regressions analyzing evenness were performed using linear models 

(LMs).  For analyses of evenness, the 18 moths carrying no pollen (1 M. sexta and 17 

H. lineata) were excluded.  

To test the prediction that individuals of specialist species carry less variable 

pollen loads than individuals of generalist species, we compared the variance of 

pollen load richness and evenness across the three hawkmoth species using 

Levene’s tests. As the pollen species richness data is not dissimilar to a Poisson 

distribution, load species richness was log transformed for this test. Post-hoc 

comparisons between each species pair were corrected for multiple comparisons 

with the false discovery rate (FDR) method using the p.adjust function in R. All 

analyses were performed using R version 3.5.1 (R Development Core Team 2014).  
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Results: 

Diet breadth for individuals vs. species  

 At the population level, Hyles lineata, the generalist, carried pollen from twice 

as many species as did M. sexta (52 vs. 26 species) and three times as many as did M. 

quinquemaculata (17 species; Table 1). Within all three species, individual moths 

varied extensively in their pollen load species richness, and in all cases carried 

pollen of far fewer species than their species as a whole (H. lineata: range 0 to 8, 

mean 2.856 + 0.108 species; M. sexta: range 0 to 10, mean 2.596 + 0.127 species; M. 

quinquemaculata: range 1 to 6 species, mean 3.179 + 0.277 species). 

Hyles lineata also carries much more even pollen loads at the population level 

than either M. sexta or M. quinquemaculata (H. lineata: 0.709; M. sexta: 0.285; M. 

quinquemaculata: 0.279).  At the individual level, evenness varied extensively within 

each species (H. lineata range = 0.074 to 1; M. sexta range = 0.005 to 1; M. 

quinquemaculata range = 0.004 to 1). The mean individual evenness for H. lineata 

was lower than its population-level estimate (t-test p <0.001; mean + SE = 

0.618+0.0195), while the mean evenness for individuals of the two Manduca species 

were higher than their population-level estimates (M. sexta: t-test p <0.001, mean + 

SE = 0.388 + 0.027; M. quinquemaculata: t-test p=0.004, mean + SE = 0.491 + 

0.0318).  

 

Diet breadth within specialist vs generalist species  

Hyles lineata individuals carried pollen of significantly more species than did 

Manduca sexta, but not more than M. quinquemaculata (Poisson GLM, p = 0.159; H. 
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lineata mean 2.856 + 0.108 species; M. sexta mean 2.596 + 0.127 species; M. 

quinquemaculata mean 3.179 + 0.277 species; Figure 2), even though H. lineata is 

widely considered to be a generalist but M. quinquemaculata a specialist. Larger M. 

sexta individuals also carried pollen of more species than did smaller individuals 

(Poisson GLM, p = 0.024). Moths collected in 2005 carried pollen of more species 

than moths collected in 2004 (Poisson GLM, p = 0.0138; 2004 mean 2.208 + 0.075 

species; 2005 mean 3.57 + 0.142 species), and the difference between long- and 

short-tongued M. sexta was greater in 2005 (p = 0.024). At the population-level, H. 

lineata also accumulated these species more rapidly than either Manduca species 

(Figure 3), indicating that H. lineata individuals are more variable in the pollen 

species they carry. 

Hyles lineata individuals also carried significantly more even loads than M. 

quinquemaculata individuals (LM, p = 0.035) and marginally significantly more even 

loads than M. sexta individuals (LM, p = 0.0583; mean evenness + SE: H. lineata = 

0.618+ 0.0195; M. sexta = 0.388 + 0.027, M. quinquemaculata = 0.491 + 0.0318; 

Figure 4). Moths with shorter proboscises carried more even loads than moths with 

longer proboscises (LM p = 0.00745), and proboscis length interacted with moth 

species such that smaller M. sexta and M. quinquemaculata carried slightly less even 

pollen loads (M. sexta: p = 0.0113; M. quinquemaculata: p = 0.00394). Moths 

collected in 2005 carried more even loads than moths in 2004 (p = 0.0045; 2004: 

mean 0.503; 2005: mean 0.585). Collection year interacted with moth species such 

that M. quinquemaculata carried more even loads in 2005 (p = 0.0354). Collection 

year also interacted with proboscis length, such that the loads of the largest and 
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smallest moths were more even in 2005 (p = 0.0074). For significant tertiary 

interactions, see Table S2.   

 

Variability in individual diet breadth in specialist vs generalist species 

The three moth species did not differ in the variability of pollen load species 

richness among individuals (Levene’s test, p = 0.684). The three moth species did 

differ in the variability of load evenness among individuals (Levene’s test, p = 

0.0012), with H. lineata showing more variability than M. sexta (FDR post-hoc, p < 

0.001) but statistically similar variability to M. quinquemaculata. 

   

Discussion 

As plant-pollinator interactions occur between individuals, studying diet 

breadth at the individual level, rather than the more thoroughly studied species 

level, is critical to understanding the functioning of these interactions. Which 

aspects of diet breadth vary among individuals and how individual-level estimates 

compare to species-level estimates, however, has only been minimally studied. In 

this study we tested four predictions: 1) individual moths show lower species 

richness and evenness than the species as a whole; 2) individuals within specialist 

species carry fewer pollen species and less even loads than individuals in generalist 

species; 3) species-level diet breadth is a stronger predictor of individual-level 

behavior than are either sex or body size; and 4) individuals within specialist 

species display lower variation in pollen load species richness and evenness than do 

individuals in generalist species. We found that individual moths across all three 
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hawkmoth species carried pollen loads with similarly low species richness 

compared to the populations as a whole. At the individual level, the population-level 

specialist Manduca moths carried less even loads than the population-level 

generalist H. lineata, and population-level diet breadth was a stronger predictor of 

variation than sex or body size. Finally, individual H. lineata varied more in load 

evenness than individual M. sexta.  

Based on these results, three components of specialization appear to be the 

most important in describing behavior at the individual level in this study: 1) 

population-level richness, which describes the total number of resources visited by 

individuals within that population; 2) population-level partner accumulation rate, 

describing how much individuals vary in the identity of the flowers they visit; and 3) 

individual-level evenness, describing the variation of interaction strengths across 

the resources used by each individual. Together these components paint a very 

different picture of how M. sexta, M. quinquemaculata and H. lineata interact with 

their partners than any individual component by itself. Specifically, they suggest 

that H. lineata individuals each visit a different set of species, and in relatively even 

proportions, within a larger flower species pool. Manduca individuals choose among 

fewer species and most individuals visit Datura and/or Agave, and though they 

sample other flowers the majority of their foraging effort focuses on those two 

species.  

 

Across species, individuals vary more in evenness than in richness 
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Across the three species we studied, individuals varied extensively along 

both the richness and evenness axes of specialization (Figure 1). Consistent with 

our first hypothesis, the species richness of pollen loads at the individual level 

varied extensively but was much lower than pollen species richness at the 

population level. At the individual level, however, the “specialist” Manduca species 

and the “generalist” H. lineata all carry similarly species rich pollen loads. This is in 

contrast to pollen load evenness, which was not consistently lower at the individual 

level: the evenness of H. lineata individuals was lower than the population-wide 

estimate, but the evenness of individuals in both Manduca species was higher than 

their population-wide estimates. Individual-level evenness also varied across the 

three species, with Manduca individuals carrying less even loads than H. lineata. 

Thus, individuals across species appeared to vary more along the evenness axis 

relative to the richness axis. 

A number of hypotheses have been proposed to explain why individuals 

might have restricted diet breadths relative to their species as a whole. First, 

individuals may be constrained in some way that prevents them from visiting more 

species (i.e., imposed specialization sensu Armbruster 2017). For example, an 

individual simply may not encounter all flower species available to them in space 

and/or time (e.g., Fox and Morrow 1981; CaraDonna et al. 2017), or be constrained 

cognitively to only remember a few species (Chittka and Thomson 1997). 

Individuals may also be actively choosing to visit a subset of the resources that they 

do encounter (i.e., proportional specialization sensu Armbruster 2017), possibly due 

to differences in foraging experience (Lewis 1986), resource requirements (e.g., 
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(Smith et al. 2019), or sensory biases (Schiestl 2017). All of these mechanisms likely 

influence individual-level specialization to some degree, but their relative 

importance is an open question.  

We would speculate, however, that constraints may primarily determine 

what flowers a pollinator could visit, while its own choices and behaviors within 

those constraints might be more responsible for its relative foraging effort on 

different partners. If this were the case, our findings that individual-level richness 

was lower than the population-level richness in all cases and that average individual 

load richness was similar across species may imply that mechanisms imposing 

specialization on individuals are consistent across species. For example, individuals 

within all three species may be similarly constrained to visit only flowers that are 

blooming during their lifespans or which they encounter in the subset of their 

habitat that they explore. Evenness, on the other hand, differed between the species 

at the individual level. This may represent how the divergent and species-specific 

resource requirements and biases of moths from each taxon influenced their 

foraging choices. 

The species richness of pollens carried by the two Manduca species, both at 

the individual and population levels, are also striking in that they suggest that M. 

sexta and M. quinquemaculata visit many more flower species than expected based 

on direct observations. While it is possible that these pollen species were picked up 

incidentally during non-foraging activities, we find this unlikely for a few reasons. 

First, when not foraging, the proboscises of hawkmoths are curled between their 

labial palps, greatly reducing the chance to picking up pollen when they are not 
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feeding. Furthermore, many of the species present in the loads at low numbers are 

species that hawkmoths are known to visit (e.g., Mirabilis, Grant 1983; Argemone 

pleiacantha, per. obs.). Assuming that the pollen records accurately reflect foraging 

behavior, however, the low evenness of pollen loads in the two Manduca species 

suggests that these moths may sample other flowers and pick up a few grains, but 

focus the vast majority of their foraging on Datura wrightii and Agave palmeri.  

 

Year had a stronger effect on pollen load diversity than sex or size 

Again consistent with our predictions, species-level diet breadth appears to 

be a stronger driver of within-species variation in pollen load diversity than other 

factors, but body size and sampling year had large effects as well. Despite being a 

potentially large driver of within-species behavioral variation among pollinators 

(Smith et al. 2019), sex was not retained in our models for species richness or 

evenness. This is in contrast to other work demonstrating sex-associated differences 

in H. lineata over longer time-scales (Smith et al. in prep), and may suggest that 

relative to the large differences between the three species examined here, sex 

differences have smaller effects on hawkmoth foraging. The effects of collection 

year, on the other hand, were clear: moths collected in 2005 carried more species 

rich and even pollen loads than those collected in 2004. This is likely due to the fact 

that there were fewer available flowers in 2004: in arid environments like the 

Sonoran Desert floral diversity is much higher during wet years (Crimmins et al. 

2008), and there was more and earlier rain in the summer of 2005 than in 2004 

(20.1cm vs. 14.9cm from April through August; NOAA Western Region Climate 
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Center). Interestingly, this diversity seemed to differentially affect the foraging of 

different subpopulations of moths, in particular resulting in larger moths carrying 

richer and more even loads in 2005. Proboscis length also influenced the diversity of 

pollens carried by the moths: larger Manduca individuals generally carried richer 

but less even loads than smaller individuals, suggesting that large individuals 

sample more rare species.  Moths with shorter tongues also carried more even loads 

across all three species, though this result likely just echoes the differences between 

hawkmoth species, where the much smaller H. lineata individuals carry more even 

loads the larger Manduca individuals.  

The effect of proboscis length variation within the Manduca species is 

consistent with findings for hawkmoths at the global scale, as longer-tongued moths 

species across six different habitats visited more plant species (higher partner 

richness) than did shorter-tongued moths (Johnson et al. 2017). Though Johnson et 

al. (2016) focused on large among-species differences in specialization, the 

mechanisms they propose to explain this pattern may apply similarly below the 

species level: individuals with larger proboscises can access the nectar of flowers 

with both long and short corolla tubes. Thus, larger moths can forage more 

opportunistically than smaller moths that cannot access as many flower species. 

This opportunism may be particularly strong when flower density and diversity is 

high, as was the case in 2005. Across our three hawkmoth species, however, our 

findings show that the shorter-tongued H. lineata tended to carry more pollen 

species; this may suggest that life-history differences have larger effects than 

morphological characteristics in our three-species comparison. 
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Individuals are more variable within species with wide diet breadths 

For pollen load evenness, individuals of the population-level specialist M. 

sexta were less variable than those of the generalist H. lineata, though variation in 

pollen species richness was similar across hawkmoth species. H. lineata also 

accumulated pollen species more rapidly than the two Manduca species (Figure 3), 

suggesting that each new H. lineata individual was more likely to carry a previously 

unobserved pollen species than each new Manduca individual. In other words, H. 

lineata’s displays smaller preference differences along its hierarchy of preference 

(Thompson and Pellmyr 1991) than the Manduca species. Thus, even though 

individuals across all three hawkmoth species carried similar pollen species 

richness, individual H. lineata varied more among individuals in the identity of 

pollens they carried. This is likely due to most Manduca individuals visiting Datura 

or Agave and then sampling another one or two species, whereas H. lineata 

individuals subsampled two or three species from the larger H. lineata resource 

pool. It is important to note, however, that while H. lineata’s population-level 

accumulation curve plateaus around 50 pollen species after about 200 moths, the 

accumulation curves for the Manduca species have positive slopes for the entirety of 

our sample. This suggests that while our sampling likely observed the majority of 

pollen species carried by Hyles, we would likely continue to find more pollen species 

on M. sexta and M. quinquemaculata if more moths had been flying during our 

sampling. Because we collected every moth that came to our blacklights, the large 
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differences in sample size across the three hawkmoth species reflect local 

population size differences.  

Our result that more specialized species would show lower variation among 

individuals is consistent with both our initial prediction and with findings outside of 

plant-pollinator systems in the context of the niche variation hypothesis (Bolnick et 

al. 2007). This hypothesis suggests that individuals may specialize within species to 

reduce intraspecific competition when they have been released from interspecific 

competition, and that variation within species should be higher in generalists (van 

Valen 1965). While our data cannot directly test this mechanism, H. lineata does 

appear to be unique among hawkmoths in the Sonoran Desert in its propensity to 

use highly diverse floral resources at the population level. While all six of the other 

hawkmoth species sampled at blacklights in this region primarily carried pollen 

from Datura wrightii or Agave palmeri, H. lineata does not (Alarcón et al. 2008). 

Because of this, H. lineata may face lower interspecific competition from other 

hawkmoths for hawkmoth-accessible flowers such as Aquilegia chrysantha and 

Mirabilis sp., but face relatively higher intraspecific competition for these resources. 

On the other hand, they may face higher interspecific competition from pollinators 

such as bees for many of the flowers they visit. Alternatively, individuals may be 

constrained to have a maximum diet breadth smaller than the population as a 

whole, as discussed above (Bolnick and Doebeli 2003; Brosi 2016). Given these 

constraints, a population with a wide diet breadth like H. lineata may by necessity 

be composed of individuals that can each only exploit a small subset of available 

resources.  



 

 170 

 

Implications and future directions 

Thus far we have only discussed variation among individuals. However, 

experience, community turnover, and other factors can lead to extensive variation 

within individuals as well (Bolnick et al. 2003). Our focus is in large part due to our 

sampling method, which took only a single snapshot of the pollens carried by each 

moth. The within-individual component of species-level diet breadth, however, is 

often estimated to be larger than the between-individual component of variation 

(Bolnick et al. 2003). While hawkmoths likely only live a few weeks in the wild 

(Contreras et al. 2013), they are able learners (e.g., Riffell et al. 2008), and floral 

availability can change drastically over these time scales (CaraDonna et al. 2017). As 

such, our method may have overestimated the degree of between-individual 

variation that exists in our three hawkmoth species by only sampling the pollen they 

carried once. Investigating how specialization varies within individual pollinators 

would be a valuable extension of this work. 

Focusing on between-individual variation, however, our results highlight that 

species-level categorizations of diet breadth do not capture the behavioral variation 

of pollinators (Tur et al. 2014; Maglianesi et al. 2015). Our findings mirror to the 

long-standing observations that diet breadth varies geographically (Fox and 

Morrow 1981), which formed the basis for the geographic mosaic of coevolution 

(Thompson 2005). In both cases, scaling down to the local or individual level reveals 

important variation and provides insights into the interactions that take place 

between partner species. For example, just as populations may be under different 
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selection pressures in different geographic regions, groups of individuals or 

subpopulations in a given location may also face different selection pressures as 

well. The same principles apply for the selection pressures those subpopulations 

impose on their interaction partners: selection may therefore be more diffuse or 

weaker if subpopulations impose conflicting selection pressures. This may be the 

case for flowers visited by individual moths on either extreme of the pollen species 

richness or evenness axis. One major difference between individual-level and 

geographic variation is that subpopulations in a given area are very well connected 

except in extreme circumstances (Via 2001?), potentially limiting the extent to 

which other species in the community can differentially respond to each 

subpopulation.  

Variation in diet breadth below the species level is known to influence 

species interactions, including plant-pollinator interactions, at both ecological and 

evolutionary scales (Bolnick et al. 2003; Bolnick et al. 2011; Brosi 2016; Armbruster 

2017). While these effects have been reviewed elsewhere, we would argue that the 

consequences of variation along the richness vs. evenness axes of specialization are 

likely to differ. First, because partner evenness affects relative interaction frequency 

between partners, we would expect evenness to have a larger effect on the quality of 

interactions than species richness. For example, from the perspective of Agave 

palmeri, visits from Manduca individuals whose loads are 90% Agave pollen may 

result in similar seed set irrespective of how many pollen species are represented in 

the remaining 10%. The reverse is true for visits to other plant species: if only 10% 

of the pollen deposited is from a conspecific, whether heterospecific Agave pollen 
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comprises 85% or 90% of the remaining grains may have little effect. Indeed, as 

long as sufficient conspecific pollen grains are deposited, the amount of Agave 

pollen placed on the stigmas of Datura wrightii has no effect on seed set (Bronstein 

et al. 2009).  

Pollen species richness will have a larger effect on visit outcomes in cases 

where even relatively few interactions have large effects. For example, allelopathic 

pollen can also reduce heterospecific fitness even in relatively small amounts (e.g., 

Murphy and Aarssen 1995); pollen species richness is a likely indicator of a given 

pollinator’s probability of spreading that pollen to other species in the community. 

Additionally, for plants that are heavily pollen-limited (Ashman et al. 2004), 

improving the probability of pollen receipt may be more valuable than reducing the 

proportion of heterospecific pollen transferred during a given visit. The degree to 

which plants differentially influence the richness vs. evenness of their pollinators, 

however, is unclear.  

 While we have discussed this framework primarily from the perspective of 

plant-pollinator interactions, decomposing partner diversity into richness and 

evenness can also provide insights in other systems. Indeed, consumer food web 

dynamics vary not just based on the connectance of each node, but also interaction 

strength (May 1972; Gross et al. 2009). Though interaction strength as typically 

defined (i.e., the quantitative impact of one species on the population of another, or 

the amount of energy flow between species; reviewed in Wootton and Emmerson 

2005) is subtly different than evenness as we’ve been using the term here, both 

concepts attempt to capture asymmetries in the effort or impact of interactions 
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across different partners. Applying these same ideas to herbivores, predators, and 

parasites at the individual level rather than the species level may reveal previously 

unrecognized variation that has important ecological and evolutionary effects. We 

therefore call for more study of diet breadth variation below the species level, and 

specifically study of how and why individuals vary. 
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Figure 1: Conceptual outline of the richness vs evenness axes of specialization. Top: 
each colored circle represents a different partner species (e.g., flower, prey item) a 
forager could interact with at the species-level. Bottom: Potential individual-level 
interaction patterns, where each colored bar represents a single interaction (e.g., 
visitation event) of that individual with a partner of the corresponding color. Thus, 
individuals can vary in both the number of species that they interact with (richness 
axis) and in their relative interaction frequency with their partners (evenness axis). 
These axes can vary independently of each other.  
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Figure 2: Pollen load species richness histograms for individual Hyles lineata, 
Manduca sexta, and M. quinquemaculata hawkmoths. Dashed lines represent the 
mean individual richness for each species (M. sexta: 2.60 species; M. 
quinquemaculata: 3.18 species; H. lineata: 2.86 species).  
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Figure 3: Pollen species accumulation curves for the hawkmoths Hyles lineata, 
Manduca sexta, and M. quinquemaculata. The solid lines represent the average 
accumulation rate, with the shaded regions around each line representing the 95% 
confidence interval of this average line based on 100 permutations.  
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Figure 4: Average pollen load composition carried by the hawkmoths Hyles lineata, 
Manduca sexta, and M. quinquemaculata. Within each column, the color bars 
represent the average number of grains carried for each of the nine most abundant 
pollen species in our sample. All other rarer pollen species are pooled into the 
“Other species” category.  
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Table 1: Population level and individual level pollen load diversity for three 
hawkmoth species: Hyles lineata, Manduca sexta and Manduca quinquemaculata. 
Population level richness and evenness represent estimates based on the pooled 
pollen loads of individuals within that species.  

  Population level Individual level 

Moth species 

Richness 
(total pollen 
species) Evenness 

Richness 
(mean pollen 
species + SE) 

Evenness 
(mean + 
SE) 

Hyles lineata 52 0.709 2.856 + 0.108  
0.618+ 
0.0195 

Manduca sexta 26 0.285 2.596 + 0.127  
0.388 + 
0.027 

Manduca 
quinquemaculata 17 0.279 3.179 + 0.277  

0.491 + 
0.0318 
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Table S1: Models selected through stepwise regression. Interaction terms are 
designated with a colon between the two factors. “Prob.” represents proboscis 
length in millimeters. As a categorical factor with three levels, the p values for Moth 
species (Moth.sp) are presented separately for Manduca sexta (MS) and Manduca 
quinquemaculata (MQ). p values below the 0.05 significance threshold are marked 
with an asterisk.  

Pollen load 
characteristic 

Model Type Final Model Terms p value 

Load species 
richness 

Poisson GLM Moth.sp +  
   MQ 
   MS 
Prob. +  
Year +  
Moth.sp:Prob. +  
   MQ 
   MS 
Moth.sp:Year +  
   MQ 
   MS 
Prob.:Year + 
Moth.sp:Prob.:Year 
   MQ 
   MS 

 
0.509 
0.016* 
0.111 
0.014* 
 
0.242 
0.024* 
 
0.509 
0.016* 
0.111 
 
0.242 
0.024* 

Load evenness Linear model Moth.sp +  
   MQ 
   MS 
Sex +  
Prob. +  
Year +  
Moth.sp:Sex +  
   MQ 
   MS 
Moth.sp:Prob. +  
   MQ 
   MS 
Sex:Prob. +  
Moth.sp:Year + 
   MQ 
   MS 
Sex:Year 
Prob.:Year 
Moth.sp:Sex:Prob. 
   MQ 
   MS 
Moth.sp:Sex:Year 

 
0.035* 
0.058 
0.091 
0.007* 
0.004* 
 
0.155 
0.252 
 
0.004* 
0.011* 
0.088 
 
0.035* 
0.058 
0.081 
0.007 
 
0.056 
0.112 
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   MQ 
   MS 
Moth.sp:Prob.:Year 
   MQ 
   MS 
Sex:Prob.:Year 
Moth.sp:Sex:Prob.:Year 
   MQ 
   MS 

0.155 
0.252 
 
0.004* 
0.011* 
0.088 
 
0.056 
0.112 

Load size Negative 
binomial GLM 

Moth.sp +  
   MQ 
   MS 
Sex +  
Year +  
Prob. +  
Moth.sp:Sex +  
   MQ 
   MS 
Moth.sp:Year +  
   MQ 
   MS 
Sex:Year + 
Moth.sp:Sex:Year 
   MQ 
   MS 

 
0.354 
0.104 
0.425 
0.297 
0.000* 
 
0.015* 
0.853 
 
0.354 
0.104 
0.425 
 
0.015* 
0.853 

 
 
 

 
 


