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Interactions between insect pollinators and the flowers they visit are most commonly 

studied from a pollen-transfer perspective. However, these interactions are examples 

of complex interspecies communication and signaling interactions in which floral 

allocation, as well as individual pollinator perception and behavior can strongly 

influence the outcome. This dissertation focuses on the dynamics influencing floral 

investment in attracting pollinators, pollinator preferences for floral rewards of 

variable quality, and the resulting effects on the lifetime fitness of individual 

pollinators.  

 I constructed a game theory model of a plant’s individual allocation to floral 

attractiveness, incorporating parameters accounting for plant biology, inter-plant 

competition for pollinator services, and pollinator abundance and perceptual ability. In 

addition to plant life history parameters, this model identified pollinator behavior and 

perception as an influential factor in determining allocation to floral attractiveness. 

Subsequently, I conducted experiments utilizing the specialized, hawkmoth-pollinated 

evening primrose Oenothera flava. Using this pollination system I demonstrated that 

naïve foraging hawkmoths exhibit innate preferences for floral nectars containing 

amino acids, and are able to learn and associate variation in floral signals with varying 

nectar quality. Thus, an experienced forager is able to discriminate between co-
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flowering plants and forage preferentially for nectars of higher quality. Finally, by 

tracking hawkmoth lifetime fitness I was able to show that adult foraging success and 

nectar quality impact hawkmoth mate choice, longevity, and lifetime fitness. 

Collectively, these results demonstrate that pollinator perception and behavior are 

likely to have substantial influence on a plant’s allocation to floral signals. Further, 

foraging pollinators learn variation in these signals and forage preferentially on higher 

quality plants in order to enhance individual fitness.  
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CHAPTER 1 

DIEL RHYTHMS AND SEX DIFFERENCES IN THE LOCOMOTOR 

ACTIVITY OF HAWKMOTHS 

 

1.1   Abstract 

 

Circadian patterns of activity are considered ubiquitous and adaptive, and are often 

invoked as a mechanism for temporal niche partitioning. Yet, comparisons of rhythmic 

behavior in related animal species are uncommon. This is particularly true of 

Lepidoptera (butterflies and moths), in which studies of whole-animal patterns of 

behavior are far outweighed by examinations of tissue-specific molecular clocks. 

Here, we used a comparative approach to examine the circadian patterns of flight 

behavior in Manduca sexta and Hyles lineata, two distantly related species of 

hawkmoth (Sphingidae). By filming isolated, individual animals we were able to 

examine rhythmic locomotor (flight) activity at the species level as well as at the level 

of the individual sexes, and in the absence of interference from social interaction. Our 

results confirm classic descriptions of strictly nocturnal behavior in M. sexta and 

demonstrate a dramatically different activity pattern in H. lineata. Furthermore, we 

show distinct species and sex-specific differences in the maintenance of the 

endogenous rhythm under conditions of constant darkness. In both species, female 

activity peaks in advance of males, whereas male activity coincides with periods of 

female sexual receptivity. This suggests a role for circadian patterns of locomotor 

activity in synchronizing periods of sexual receptivity between the sexes. 
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1.2   Introduction 

 

 

Circadian rhythms are commonly described as ubiquitous and adaptive, occurring 

across all domains of life, coordinating internal metabolic events and synchronizing 

whole-animal behavior with favorable external conditions. A primary advantage of an 

endogenous time-keeping mechanism is the facilitation of behaviors requiring a sense 

of elapsed time – particularly anticipatory behaviors which may confer a significant 

competitive advantage over purely exogenous, reactive behaviors (Horton, 2001; 

DeCoursey, 2004). One situation in which these anticipatory behaviors may be 

advantageous is in the daily activity patterns of flower-foraging insects.  

Insect pollinators experience some of the highest metabolic demands on a per-

weight basis (Heinrich, 1993) and regularly encounter fluctuations in resource 

availability due to daily rhythms of flower opening and reward distribution that 

regularly occur across communities of flowering plants (Feinsinger, 1978; Armbruster 

and McCormick 1990; Stone et al., 1998; Willmer and Stone, 2004). Some of the 

highest recorded in-flight metabolic rates occur in the hawkmoths (Lepidoptera: 

Sphingidae; O’Brien, 1999; Bartholomew and Casey, 1978), which possess hovering 

flight and are renowned long-distance fliers that commonly forage for nectar at highly 

dispersed patches of floral resources (Alarcón et al., 2008). This adult-acquired nectar 

is known to fuel flight in hawkmoths (O’Brien, 1999) and can enhance lifetime fitness 

through increased longevity and fecundity (von Arx et al., 2013). Many night-

blooming hawkmoth-pollinated flowers exhibit clear rhythms of flowering, scent 

emission, and nectar secretion that coincide with periods of moth activity (Haber and 

Frankie, 1989; Hoballah et al. 2005), but it is unknown whether this pattern of moth 
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activity is under endogenous control or if moths become active and begin foraging in 

response to exogenous cues, such as the onset of darkness. Endogenous regulation of 

locomotor activity could confer a significant advantage if peaks of activity coincide 

with floral rhythms by allowing an insect to arrive at newly opened flowers, often the 

time of highest nectar availability (Gregory, 1963; Martins and Johnson, 2007), thus 

increasing profitability (caloric intake per unit foraging time or effort) while reducing 

flight costs incurred by foraging at times when resource availability is low. This type 

of endogenous control of locomotor activity has been shown for honeybees and other 

hymenopteran pollinators (Spangler, 1972; Stelzer et al. 2010), but endogenous 

control of adult locomotor activity remains undetermined for the majority of the 

Lepidoptera (Merlin and Reppert, 2010). 

The hawkmoths Manduca sexta (L) and Hyles lineata (Fabricius) provide an 

opportunity to test the endogenous nature of locomotor activity in two distantly related 

and ecologically important hawkmoth species. Both species are broadly distributed 

across the Americas and visit many of the same floral nectar sources (Raguso et al., 

2003; Alarcón et al., 2008). As caterpillars, the activity of both species appears largely 

to be a response to temperature, showing consistent levels of activity regardless of 

time of day or photoperiod when kept in isothermal conditions (Casey, 1976). 

However, rhythmic patterns of behavior in these moths may develop later in life, as 

has been demonstrated for honeybees and Drosophila (Bloch et al. 2002; Malpel et al., 

2004). In the better-studied M. sexta, clear rhythms of pheromone release and flight 

behavior were originally described by Sasaki and Riddiford (1984). Also, it is well 

established that M. sexta only forages for nectar at dusk and into evening across the 
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Americas (Bertin 1982; Raguso et al. 2003; Moré et al. 2006). While the endogenous 

nature of these behaviors was not tested, further work confirmed a circadian rhythm of 

female calling behavior (Itagaki and Conner, 1988) and more recent studies suggest 

the presence of pheromone-sensitive circadian pacemaker cells in the antennae of male 

M. sexta (Schuckel et al., 2007). These results, combined with clear evidence of 

circadian rhythms of visual sensitivity in adult moths (Bennett, 1983) are suggestive 

that locomotor activity for this species may also be under circadian control. Yet, 

because the eye pigments of M. sexta show light-sensitive responses and visual 

sensitivity is severely reduced under brightly lit conditions (Höglund and Struwe, 

1970), it is also possible that flight behavior in M. sexta is regulated by the moth’s 

visual capabilities. Conversely, adults of H. lineata retain color vision at light 

intensities that span the full spectrum of strictly diurnal to strictly nocturnal hawkmoth 

species (Kelber et al., 2003). While H. lineata is most often described as crepuscular 

and commonly pollinates night-blooming flowers (Raguso et al., 1996), numerous 

daytime observations of floral visitation, especially in high elevation settings 

(Aldridge and Campbell, 2007; Thairu and Brunet, 2015), have led to the suggestion 

that its adult flight activity may be arrhythmic.  

 Endogenous rhythms of flight behavior have been evaluated in relatively few 

species of Lepidoptera, possibly due to the suppression of activity by constant light or 

constant dark conditions (Merlin and Reppert, 2010). In this study we assessed the 

endogenous control of locomotor activity in both hawkmoth species using individually 

housed, visually isolated moths exposed to both constant light and constant darkness. 

In this way, we evaluated two hypotheses for both hawkmoth species;  
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H1: Locomotor (flight) behavior is under endogenous control in both species,  

H2: M. sexta is strictly nocturnal (as originally described by Sasaki and Riddiford 

(1984)) (Figure 1.1A), whereas H. lineata is crepuscular rather than arrhythmic 

(Figure 1.1B).  

Monitoring the behavior of isolated individual animals in addition to population 

rhythms allowed us to investigate sex-specific patterns of endogenous behavior that 

emerged during the course of our experiments. 

 

 

Figure 1.1:  Idealized representations of nocturnal and arrhythmic activity. A) Nocturnal 

behavior, B) Arrythmic behavior based on a random distribution of the total number of 

movements made by H. lineata within a 48h period. Horizontal axis are shown in zeitgeber 

time where ZT 0 = lights on.  

 

1.3 Materials and Methods 

 

Animal Care 

Experiments were conducted between September 2013 and December 2014 at 

Cornell University, Ithaca, NY, USA. Adult Manduca sexta moths used in these 

experiments were the offspring of animals acquired from a laboratory colony 
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maintained at the University of Arizona, Tucson, AZ (Stillwell and Davidowitz, 

2010). The Hyles lineata colony was derived from the progeny of eggs and larvae 

collected from Oenothera harringtonii plants in Colorado Springs, CO during the 

summer of 2009 (see von Arx et al., 2013). Larvae of both species were fed ad libitum 

on an artificial diet adapted for M. sexta (Bell and Joachim, 1976; Goyret et al. 2009) 

and were maintained at 24°C on a 16h:8h light:dark photoperiod in a humidified (ca. 

50%) incubator. Wandering larvae were transferred to wooden pupation boxes 

(Yamamoto et al., 1969). 

 

Entrainment to Light-Dark Cycles 

Pupae nearing eclosion were sorted by sex and transferred to 45 cm X 45 cm X 

45 cm screen cages (BioQuip, Inc., Rancho Dominguez, CA, USA) in separate 

incubators (Precision 818, Winchester, VA, USA) for entrainment under 16h:8h 

light:dark conditions at 24°C. Male and female moths were entrained in separate 

incubators to eliminate the effects of pheromones or social cues on adult activity 

(Levine et al. 2002; Silvegren et al. 2005). The screen cages were monitored daily and 

all experimental moths were marked with permanent ink at 17:00 hrs on the day of 

eclosion (Day 0). Moths were allowed to feed ad libitum on 10% (by mass) sucrose 

solution and were maintained under these conditions for a further 48 hrs (Days 1 and 

2) before transfer to experimental conditions. Lighting conditions were maintained 

using white fluorescent lighting (3,500K soft white fluorescent bulbs) at 

1022.63±97.58 lux for both experimental and entrainment conditions. Lighting 

systems were equipped with a Philips Advance Mark III Energy Saver magnetic 
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ballast (Philips, Amsterdam, Netherlands) with an ‘A” sound rating (20-24dB), 

producing a flicker rate of 120 Hz on standard North American alternating-current. 

This rate is above the critical flicker-fusion frequency reported in Manduca sexta 

(Sprayberry, 2009) and below the ultrasound hearing sensitivity (20 kHz) of H. lineata 

(Roeder, 1972), and thus should not elicit chronic stress responses to sound or light 

(Morgan and Tromborg, 2007). Preliminary studies were conducted in a greenhouse 

under natural lighting conditions with a 13 h: 11h light:dark cycle.  

 

Experimental Conditions 

 Following entrainment, 2-4 moths of the same sex were transferred to 

experimental incubators identical to the entrainment incubators, but were maintained 

under experimental photoperiods. During the experiment, moths were housed 

separately in 30 cm x 30 cm x 30 cm cages with cotton cloth walls so that moths were 

visually isolated. Each moth was allowed unlimited access to 10% sucrose solution, 

and its activity was monitored during exposure to the experimental photoperiods for 

48 hrs (Days 3 and 4). This duration was determined by preliminary experiments on 

H. lineata kept under similar conditions, which showed noticeable deterioration of 

wing condition and considerable mortality after Day 5 (von Arx et al., 2013). This 

protocol made it impossible to study rhythmic activity over a longer time period, 

which is often done for longer-lived organisms (e.g. Giannoni-Guzmán et al., 2014).  

 Activity of the adult moths was monitored under 3 experimental light cycles 

and 1 control treatment. The control treatment was continued exposure to the 16h:8h 

light:dark treatment under which the moths were entrained (M. sexta N=22 [11 F,11 
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M]; H. lineata N=24 [13 F, 11M]), whereas experimental moths were exposed to one 

of three treatments: 48 hrs of continuous darkness (M. sexta N=20 [10 F,10 M]; H. 

lineata N= 21 [10 F, 11 M]), 48 hrs of continuous light (M. sexta N=23 [12 F, 11 M]; 

H. lineata N=20 [11 F, 9 M]), or a rapid light-dark cycle alternating every 4 hrs (M. 

sexta N=21 [11 F, 10 M]; H. lineata N=22 [12 F, 10 M]). Trials were separated by 

species and sex, but the order was randomized to allow for within-treatment 

comparisons. 

 Mating trials for H. lineata were conducted using identical experimental 

conditions. Male and female moths were maintained separately for 48 hrs (Days 1 and 

2) under 16h:8h light:dark conditions before mating trials began. At the end of Day 2, 

one female and five males were placed in the experimental cages under the same 

lighting conditions and were observed for 48 hours (Days 3 and 4) or until mating 

occurred.   

 

Response Variables 

The activity of experimental moths was monitored constantly by means of 

USB webcams (Logitech L600, Logitech, Newark, CA, USA) and Handy AVI time-

lapse software (AZcendant Software, Mesa, AZ, USA) programmed to capture still 

frames at 5 minute intervals. Infrared lighting was used to allow filming during the 

dark phase of the experimental light cycles.  The resultant videos were analyzed on a 

frame-by-frame basis and activity was scored as a categorical variable with 0 

indicating no movement and 1 indicating that the body of the moth had shifted 

position since the preceding frame or that the moth was captured in-flight. Mating 
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trials were monitored in the same way, and mating was determined by visual 

inspection.   

 

Statistical Analyses 

All analyses were conducted in R (R Core Team, 2013).  Activity patterns of 

moths under experimental conditions were visualized graphically by creating an 

activity plot showing the proportion of moths active at a given time point. The timing 

of peak activity and synchrony between individuals was evaluated during the final 24 

hours of the experimental treatment at the species and sex-specific level using circular 

statistics to determine the mean timing of activity (θ) and concentration around the 

mean (�̅�). The Rayleigh test of uniformity was used to evaluate the mean (θ), and 

comparisons between sex-specific means were conducted using Watson’s two-sample 

test of homogeneity. Mean mating time for H. lineata was also evaluated using 

circular statistics. These analyses were conducted using R-packages “circular” and 

“CircStats” (Agostinelli and Lund, 2013; Lund and Agostinelli, 2012). These results 

were confirmed using auto-correlation analyses to detect rhythmicity and periodicity 

of activity patterns, as well as cross-correlation analysis to detect phase-shifted 

relationships (e.g. see Crofford et al., 1996) between male and female diel patterns. 

Sex differences in total activity level within treatments were evaluated post-hoc using 

a two-tailed Welch’s t-test.  

1.4 Results 

 

Establishment of Baseline Activity Patterns 
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Under control conditions (16h:8h light:dark) the recorded activity of M. sexta 

and H. lineata showed distinct rhythmic patterns. The movements of M. sexta 

conformed to the expectation of strictly nocturnal behavior, with movements 

distributed across the majority of the scotophase (Figure. 1.1A, Figure 1.2B). 

Movements of H. lineata were not confined to the scotophase and showed two distinct 

peaks of activity after lights-on and lights-off, respectively (Figure 1.2A). The mean 

timing of activity (directional mean, θ) for M. sexta and H. lineata was determined to 

be 3.50 h and 4.36 h after the onset of scotophase, respectively. Means of individual 

moths were highly concentrated around the species-level mean and deviated 

significantly from a uniform distribution in both species (M. sexta: �̅� = 0.97, p-value 

<0.001; H. lineata: �̅� = 0.85, p-value <0.001) (Figures 1.3A,B). As expected, for the 

light:dark treatment autocorrelation analyses of both species showed peaks of activity 

repeating on a near perfect 24-hour cycle. (Figure 1.5). 
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Figure 1.2: Observed activity patterns in control and experimental treatments. A) 

Activity plot of H. lineata exposed to 16h:8h L:D light cycle (N  = 13 females, 11 males), B) 

M. sexta exposed to 16h:8h L:D photoperiod (N = 11 females, 10 males), C) H. lineata under 

conditions of constant darkness (N = 10 females, 11 males), D) M. sexta under conditions of 

constant darkness (N = 10 females, 10 males), E) H. lineata exposed to constant light (N = 11 

females, 9 males), F) M. sexta exposed to constant light (N = 12 females, 11 males). 

Horizontal axes represent zeitgeber time for L:D photoperiods (ZT 0 = lights on) and circadian 

time for constant lighting conditions (CT 0 = beginning of subjective day). 

 

 

Activity in the Absence of External Cues 

 In both species, moths exposed to 48 h of continuous darkness post-

entrainment exhibited significant, but shifted, rhythmicity in the final 24 h of the 

experimental treatment. In M. sexta, the mean activity shifted 2.78 h later in the 
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subjective night and the concentration of individuals around the mean decreased 

marginally (θ = 6.28 h, �̅� = 0.88, p-value <0.0001). Hyles lineata experienced a 

similar shift of 2.70 h with a greater decrease in the clustering of individual moths 

around the species mean (θ = 7.06 h, �̅� = 0.42, p-value = 0.02). Autocorrelation 

analysis of these treatments reveals similar results, showing a slight shortening of the 

period in both species and a dramatic reduction in the autocorrelation values for Hyles 

even within just the initial 24 hours of the constant darkness treatment (Figure 1.5).   

 Moths of both species exposed to 48 h of continuous light exhibited reduced 

locomotor activity (Figures 1.2E, F; Figure 1.8). In the case of M. sexta, only 5 

individual moths were recorded as active during the trial period (N = 22 moths), which 

precluded statistical analysis. In H. lineata the mean timing of activity was shifted 

later by 0.37 h when compared with the control trials (θ = 4.73 h) and the 

concentration of individuals around the species mean was reduced such that the 

distribution was not significant (�̅� = 0.26, p-value = 0.47). 

 

Plasticity of Rhythmic Behavior 

When transferred from control conditions (16h:8h light:dark) to a 4h:4h 

rapidly alternating light-dark cycle, moths of both species showed rapid 

synchronization to the  light:dark cycle (Figure 1.6). After approximately 24 h 

locomotor activity patterns resembled the species-typical baseline, albeit condensed.  
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Figure 1.3: Circular plots of the mean timing of activity for individual moths in the final 

24 hours of the experimental light cycle. Solid arrows are used to indicate the species mean 

and arrow length is proportional to the degree of clustering around the mean. Dotted and 

dashed arrows indicate female and male means, respectively. Shading indicates the 

experimental photoperiod. A,B.  H. lineata and M. sexta activity under control conditions; C, 

D. Constant darkness; E, F.  Constant light. Sex-specific means for both species and the 

species mean for M. sexta in constant light conditions are not shown due to extremely low 
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activity levels. Hours are shown in zeitgeber time for L:D photoperiods (ZT 0 = lights on) and 

circadian time for constant lighting conditions (CT 0 = beginning of subjective day).  

 

Sex Differences 

 

M. sexta 

 Under control lighting (16 h:8 h light:dark) conditions, male and female M. 

sexta exhibited significant differences in the timing of locomotor activity (overall p-

value <0.01), with the female mean occurring 1.38 h before the male mean (Females: 

θ = 2.81 h, �̅� = 0.98, p-value <0.0001; Males: θ = 4.19 h, �̅� = 0.99, p-value <0.0001). 

Moths of both sexes exposed to the constant darkness treatment exhibited a similar 

shift, with the peak of activity occurring later in the subjective night. Differences 

between the sexes were maintained under these conditions with the female mean of 

activity occurring 2.31 h in advance of the male mean (p-value <0.01; Females: θ = 

5.04 h, �̅� = 0.85, p-value <0.001; Males: θ = 7.35 h, �̅� = 0.99, p-value <0.0001). 

These patterns of offset peaks of locomotor activity between the sexes were confirmed 

for both the light:dark and constant darkness treatments using cross-correlation 

analysis (Figure 1.7). Unlike the control or continuous-light treatments, continuous 

darkness elicited a significant difference in total activity with female moths moving an 

average of 42 times less than males during the 48 h treatment period (p-value <0.001).  

 

H. lineata 

 Male and female H. lineata also exhibited significant differences in the mean 

timing of activity under control conditions, with a 2.67 h separation between the 
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means (p-value <0.05; Females: θ = 3.20 h, �̅� = 0.93, p-value <0.0001; Males: θ = 

5.87 h, �̅� = 0.86, p-value <0.0001). In the constant darkness treatment, the separation 

between the sexes widened to 6.67 h (p-value <0.01). These results were again 

confirmed using cross correlation analysis (Figure 1.7). Additionally, the 

concentration of males around the sex-specific mean was reduced such that the 

distribution was no longer statistically non-random (Females: θ = 4.74 h, �̅� = 0.82, p-

value <0.001; Males: θ = 11.41 h, �̅� = 0.47, p-value = 0.086). Unlike M. sexta, 

differences in total activity of H. lineata occurred in the control and constant light 

treatments, and males were the more active sex (p-values <0.05) (Figure 1.8). 

Furthermore, mating in H. lineata occurred exclusively during the photophase (Figure 

1.4, θ = 8.77 h, �̅� = 0.98, p-value <0.0001) rather than scotophase, as is the case for 

M. sexta (Sasaki and Riddiford, 1984).  

 

Figure 1.4: Mean mating time for H. lineata 

Mean mating time (8.77 h, or 46 minutes into the early photophase) of H. lineata is indicated 

by the solid arrow. All matings (N=9) were tightly clustered in the early photopase, unlike M. 

sexta which mates during mid-scotophase (Sasaki and Riddiford, 1984). Hours are shown in 

zeitgeber time (ZT 0 = lights on).  
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Figure 1.5: Autocorrelation analyses of H. lineata and M. sexta demonstrating reduced 

periodicity in constant darkness. Control (16h:8h L:D) light cycle (A,B), and constant 

darkness treatment (C,D).   

 

 

 

 

Figure 1.6: Activity patterns of H. lineata and M. sexta exposed to a rapidly oscillating 

light:dark cycle. A) Response of H. lineata to 4hr light cycle (N = 12 females, 10 males); B) 

Response of M. sexta (N = 11 females, 10 males). Shaded regions indicate periods of darkness 

while filming. Horizontal axes are shown in zeitgeber time where ZT 0 = lights on and ZT  4 = 

lights off.  



 

17 
 

 

 

Figure 1.7: Cross correlation analyses of offset patterns in male and female activity. H. 

lineata and M. sexta under control conditions (A, B respectively) and constant darkness (C,D).  
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Figure 1.8: Sex differences in total activity by treatment for both hawkmoth species. 

Light grey = control, dark grey = constant darkness, white = constant light. A) Hyles lineata 

showed significant sex differences under control conditions as well as during exposure to 

constant light (LD, p=0.039; LL, p=0.02), B) Manduca sexta showed significant sex 

differences in the total dark treatment (DD, p= 0.0055). C) Analysis of total activity in male 

and female H. lineata compared to the expected mean during the light (left, 12.79 movements 

per moth) and dark (right, 30.21 movements) periods of the 16h:8h light:dark control 

treatment. D) Analysis of total activity in male and female M. sexta compared to the expected 

mean during day 1 (left, 30.15 movements) and day 2 (right, 35.1 movements) of the constant 

darkness treatment. Expected means in C) and D) were determined as the average values if the 

total number of movements made during the time period of interest was distributed equally 

regardless of sex. 

 

 



 

19 
 

1.5 Discussion 

 

Natural Rhythms 

Our observations of locomotor activity in socially isolated, individual moths 

revealed consistent diel patterns that differed between the species. When maintained 

under a 16h:8h light:dark cycle, M. sexta showed a distinct nocturnal pattern of 

activity, consistent with our expectations and corresponding to patterns originally 

described by Sasaki and Riddiford (1984). Additionally, while exposure to constant 

illumination suppressed M. sexta flight activity, under conditions of constant darkness 

moths were able to maintain a characteristic rhythmic pattern of activity peaking 

during the subjective night, which suggests the presence of an endogenous, nocturnal 

rhythm. Contrastingly, these patterns were not observed in H. lineata. When exposed 

to identical experimental conditions (along with identical rearing conditions), H. 

lineata moths displayed a bimodal distribution with distinct periods of activity around 

lights-on and lights-off, suggestive of crepuscular behavior. Again, unlike results 

observed in M. sexta, the pattern of activity demonstrated by H. lineata under control 

conditions (16h:8h light:dark) is lost in the absence of zeitgebers and becomes 

unimodal with activity concentrated during subjective night. This transition from a 

bimodal to unimodal pattern of activity in free-running animals is also observed in the 

mosquito Aedes aegypti and may indicate a weakly nocturnal endogenous rhythm 

(Taylor and Jones, 1969; Beeston and Morgan, 1979). 
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Species Means 

 Under both semi-natural and constant darkness lighting conditions, each moth 

species exhibited distinctly different overall patterns of activity as well as different 

mean times of peak activity. Taking natural history observations into account, the 

differences between M. sexta and H. lineata are not unexpected; differences in peaks 

and duration of activity have been reported even between species of the same genus 

(Lamarre et al., 2015). This divergence in flight time has been discussed in terms of 

temporal niche partitioning, a possible mechanism for reproductive isolation between 

related species, or simply a result of species-specific responses to light (Beck and 

Linsenmair, 2006; Janzen, 1984).  

Under controlled laboratory conditions and in the absence of social cues, our 

results suggest that while there are species-specific responses to light, the underlying 

endogenous contribution to locomotor rhythms remains distinctly different between 

M. sexta and H. lineata. Furthermore, our results indicate that the species average 

timing of peak activity does not describe the behavior of any single average moth. In 

both M. sexta and H. lineata the species level average is the approximate halfway 

point between the sex-specific means. Applied to our observations of natural activity, 

these sex-specific patterns explain the consistently high activity level of M. sexta for 

the duration of the scotophase, as well as the bimodal pattern seen in H. lineata. In the 

former, the two overlapping peaks combine to form a single broad band of activity, 

while in the latter the bimodal pattern is entirely driven by male activity during the 

photoperiod (Figure 1.8C).  
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The hawkmoths (family Sphingidae) are an interesting lineage to study with 

respect to niche diversification, due to their global distribution and phyletic diversity 

(c. 1400 species) and their phylogenetically derived condition of adult feeding from a 

non-feeding ancestry in the superfamily Bombycoidea (Kawahara et al. 2009). Extant 

hawkmoth diversity includes a full spectrum of diurnal, crepuscular and strictly 

nocturnal activity patterns (Herrera, 1992; Kelber et al., 2003) along with trophic 

niches spanning from exclusive floral nectar or rotting fruit/sap to a combination 

thereof (O’Brien et al., 2000; Raguso and Willis, 2003).  Although M. sexta and H. 

lineata are sympatric over much of their distribution in the Americas, they belong to 

different subfamilies of the Sphingidae with a deep phylogenetic split (Kawahara et 

al., 2009), and thus are not closely related. Indeed, the most recent phylogenetic 

analysis unambiguously places the day-active genera Hemaris and Cephanodes as 

sister to the remainder of the Macroglossinae, the lineage that includes the genus 

Hyles, suggesting that the full diversity of diel activity patterns in this clade may be 

derived from a strictly diurnal ancestry. In contrast, the large genus Manduca and most 

of its relatives are more consistently nocturnal in adult activity patterns across the 

Sphinginae (Hodges, 1971; Moré et al. 2005).   

 

Sexually Dimorphic Behavior 

While there are numerous reports of diel rhythms of foraging behavior in 

flower-visiting insects, as well as rhythms of floral scent emission and nectar 

secretion, the sex-specific sub-structuring of activity patterns in M. sexta and H. 

lineata suggests an additional factor influencing rhythms of locomotor activity. If 
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male activity in both species were to peak more than an hour after that of females, or 

even as female activity declines, then males would consistently miss the period of 

greatest food resource availability – the window of time immediately following 

anthesis in night-blooming flowers (Thom et al., 2004; von Arx et al., 2012).  

In experiments using an identical 16h:8h light:dark light cycle, both Itagaki 

and Conner (1988) and Sasaki and Riddiford (1984) observed that pheromone release 

and calling behavior in virgin female M. sexta occurs approximately five hours after 

the onset of scotophase. This timing directly corresponds with a decline in female 

activity and overlaps the average time of greatest male activity. In this species, female 

calling is under circadian control (Itagaki and Conner, 1988) and is a stationary, rather 

than in-flight behavior. Further, Itagaki and Conner observed that under conditions of 

constant darkness, unmated M. sexta females spent increasingly more time calling 

(emitting pheromone) on each successive night. This increased calling behavior 

necessitates a progressive decrease in flight activity, much like that observed in our 

experiments (Figures 1.8B, D). The female activity patterns described in these studies 

are consistent with our own findings and may represent the interaction of two internal 

pacemaker mechanisms. To this, our study has added the finding that the pattern of 

male activity peaks as female activity wanes, and is maintained in the absence of light 

or social cues.  

 In a pattern similar to that of M. sexta, H. lineata exhibits strongly sexually 

dimorphic behavior, in which male activity peaks several hours after that of females. 

However, the precise timing of events is quite different between the species. While 

female H. lineata activity peaks several hours after the onset of scotophase, similar to 
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M. sexta females, the degree of separation between H. lineata males and females is 

greater than that of M. sexta (2.67 h vs. 1.38 h respectively). This is primarily due to 

male H. lineata exhibiting a second peak of activity during the early photophase – a 

peak that is responsible for the bimodal pattern of activity seen in the species (Figure 

1.2A), as females are not active during the photophase (Figures 1.8A, C). Yet, in H. 

lineata, female sexual receptivity coincides with the onset of photophase and the 

majority of mating occurs during the first 1-2 hours of the photophase (see Figure 1.4). 

Thus, despite differences in timing, the phenomenon of male flight activity peaking at 

the time of greatest female sexual receptivity is consistent between the two species. 

This result complements the findings of Schendzielorz et al. (2015), which 

demonstrate that octopamine-mediated pheromone sensitivity peaks in synchrony with 

flight behavior in male M. sexta.   

 

Rapid Light:Dark Cycle 

As is evident in Figure 1.6, both M. sexta and H. lineata show rapid 

acclimatization to dramatically altered light cycles, demonstrating a marked degree of 

plasticity in response to external light cues. Similarly, plasticity in response to extreme 

time periods has been previously documented in the primary mammalian circadian 

pacemaker (suprachiasmatic nucleus) (Patton et al., 2016), which suggests an 

unexpected level of adaptability in circadian systems. Notably, in H. lineata, the 

transition between scotophase and photophase is delineated by a sharp burst in activity 

much like that seen in males under normal 16h:8h light:dark conditions (contrast 

Figures 1.6A and Figure 1.2A). Abrupt peaks of similar amplitude are not observed 
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under conditions of constant darkness (Figure 1.2C), which may suggest that this 

sudden male-specific burst in activity is a response to lights-on rather than a 

component of the species’ endogenous rhythm. Yet, recent studies using Drosophila 

clock-less mutants have shown that animals with functional vision are capable of 

maintaining normal diel rhythms in the absence of endogenous control, provided that 

light cues are available (Schlichting et al. 2015). Therefore, as female receptivity 

coincides with the onset of photophase (or sunrise) in H. lineata, the male response to 

lights-on may be sufficient to synchronize sexual receptivity.   

 Synchrony in sexual receptivity between males and females of the same 

species can have dramatic fitness consequences. For example, in the songbird Parus 

major (Great Tit), delaying the onset of male activity by as little as 15 minutes 

increases the probability that a male will be cuckolded by his mate (Greives et al. 

2015). Similarly, male solitary bees in Israel are under strong selective pressure to 

search for mates early in the morning, and Oncocyclus iris flowers with dark petal 

chambers are thought to provide a thermal advantage for males that sleep in such 

flowers (Sapir et al. 2006). In nocturnal species or species in which individuals must 

locate one another across long distances, these complementary periods of activity can 

gain additional importance. Indeed, Silvegren et al. (2005) demonstrated that in the 

absence of alternative zeitgebers, exposure to sex pheromone itself may serve as a 

weak cue to synchronize receptivity between males and females of the noctuid moth, 

Spodoptera littoralis. These authors demonstrated that when the circadian rhythms of 

the sexes are in direct opposition, mating success and, ultimately, fitness are 

drastically reduced.  
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 Collectively our results suggest that synchronizing sexual receptivity between 

the sexes may be the underlying influence in shaping the circadian rhythmicity of M. 

sexta and H. lineata, rather than the proposed influence of periodic food availability. 

However, upon mating, female hawkmoths typically cease calling (Sasaki and 

Riddiford, 1984). As the stationary calling behavior appears to influence periods of 

female flight activity, this suggests that mated and virgin females may exhibit different 

patterns of behavior. While this is not observed in M. sexta (Sasaki and Riddiford, 

1984), possibly due to the restricted time window of an 8-hour scotophase, post-

mating shifts in behavior have been reported in Drosophila melanogaster as well as 

the invasive D. suzukii (Isaac et al. 2010, Ferguson et al. 2015) and the noctuid moth 

Spodoptera littoralis (Saveer et al., 2012). In the case of H. lineata, oviposition by 

mated females occurs throughout the day, suggestive of a similar phenomenon in this 

species. Furthermore, the extensive temporal differences in behavior of male and 

female H. lineata raise the possibility that the two sexes may exploit different floral 

resources while foraging, as floral rewards also are subject to species-specific diel 

rhythms (Stone et al. 1998; Martins and Johnson 2007).  
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CHAPTER 2 

 

HOW ATTRACTIVE SHOULD A FLOWER BE? 

 

2.1  Abstract 

 

Allocation of resources to reproduction is an important life history trait in all 

organisms. In flowering plants, a number of theoretical model address the balance of 

investment in current versus future reproduction, as well as the energy required for 

somatic maintenance. However, the optimal resource allocation balance may not result 

in maximal fitness in the presence of competition for pollinators. Here, we use a game 

theory approach to model competition for pollination and assess the influence of group 

size, pollinator characteristics, and relatedness between competing individuals.  

 

2.2  Introduction 

 

Allocation of resources to current reproductive effort at the expense of survival or 

potential future reproduction is a life-history tradeoff ubiquitous among living 

organisms (Stearns, 1989). For flowering plants engaging in zoophily, this tradeoff is 

complicated by the need to attract third-party animal pollinators while simultaneously 

maximizing reproductive success. The evolutionary challenge of optimizing this 

tradeoff has resulted in a number of theoretical models (Charnov and Bull, 1986; 

Charlesworth and Charlesworth, 1987; Morgan, 1992; Schoen and Ashman, 1995), 

based on the common assumptions that an individual plant investing in pollinator 
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attraction possesses limited resources and that increased attractiveness incurs some 

additional cost. These key assumptions are empirically well-supported (Andersson, 

2000; Ashman and Schoen, 1997; Galen et al, 1993), however balancing this tradeoff 

from an individual energetic perspective does not necessarily maximize an 

individual’s fitness (Mothershead and Marquis, 2000; Schiestl et al., 2014). One key 

factor influencing this outcome is the presence of competitors also investing in 

pollinator attraction.  

Co-flowering plants frequently compete for the services of shared pollinators 

(Waser, 1978 a,b) and animal pollinators frequently discriminate between floral 

displays, preferentially visiting those exhibiting increased investment in attractive 

floral traits (Bell, 1985; Conner and Rush, 1996; Parachnowitsch and Kessler, 2010). 

Under these circumstances the success of a strategy for investment in floral 

attractiveness is conditional upon an individual’s perceived attractiveness relative its 

competitors. As a result, a strategy for investment in floral attractiveness that is 

optimized under one set of conditions may result in a sub-optimal fitness outcome as 

the competitive environment changes.  

Adding further nuance to the competition for pollination are relatively recent 

findings demonstrating that plants can alter their competitive phenotype in response to 

the relatedness of competitors. Demonstration of kin effects in plant-plant competition 

have primarily involved root or vegetative interactions (Dudley and File, 2007; Bhatt 

et al., 2011; Crepy and Casal, 2015), but these interactions suggest that kin selection 

and inclusive fitness theory should be considered more widely in plant-plant 

competition (Ehlers and Bilde, 2019) – a suggestion further supported by recent data 
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demonstrating that the presence of kin affects allocation to floral display in the violet 

cabbage Moricandia moricandioides (Brassicaceae) (Torices et al., 2018).  

In this study, we present a game theory model to explore how investment in 

floral attractiveness is influenced by competition, the discrimination abilities of animal 

pollinators, and the inclusion of relatedness between competitors.  

 

2.3  Model 

 

General form of the model 

Here, we use a tug-of-war framework to analyze how the presence of co-

flowering plants and resultant competition for pollinator visitation influence the 

optimal level of investment in floral attractiveness. In this model we first define 

attractiveness as investment in quantitative components of floral display that increase 

the likelihood of pollinator visitation (e.g., flower size, flower number, and intensity of 

floral scent production) (Fishman and Hadany, 2015; Klinkhamer and de Jong, 1993). 

Further, we assume that investment in attractiveness, a, incurs some cost, c, per unit of 

investment, removed from the overall value, V, of pollination. Thus, the net benefit or 

reward, R, of pollinator visitation can be described as 

 
𝑅 = 𝑉 − 𝑐 ∗ 𝑎 

 

Eqn. 1 

Symmetric – Intragroup Competition 

 In this tug-of-war based model, an individual plant’s share of available 

pollinators, P, depends on that individual’s investment relative to the summed 

investment of the total number of competing individuals, n. The resulting equation 
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describing the relative fitness of a rare mutant individual allocating a in a population 

allocating apop would equal  

 

𝑊 = (1 − (1 − (
𝑎𝑧

𝑎𝑧 + (𝑛 − 1)𝑎𝑝𝑜𝑝
𝑧

))𝑃) ∗ 𝑅 

Eqn. 2 

where z > 0 and represents the perceptual and discrimination abilities of a pollinator. 

In this context z considers that receivers, in this case pollinators, do not universally 

perceive and respond proportionally to continuous variation in a signaling trait (Caves 

et al., 2018). Values of z < 1 represent instances where minor changes in floral 

attractiveness, a, may not affect pollinator behavior proportionally and a larger 

disparity in floral attractiveness is required to induce changes in pollinator behavior. 

The more common assumption of continuous variation resulting in proportional, 

continuous behavioral responses (Searcy and Nowicki, 2005) occurs where z = 1, 

while cases of z > 1 reflect the potential for strong floral discrimination when 

variation in attractiveness is well within pollinators’ perceptual limits.   

 

Kin Selection and Inclusive Fitness 

Specific mechanisms of kin recognition have been documented in several plant 

species Bhatt et al, 2011, Dudley and File, 2007; Crepy and Casal, 2015), however 

direct kin recognition is only one of two mechanisms facilitating kin selection. In the 

absence of recognition, kin selection may still occur providing there is an evolutionary 

history of competition between kin. For example, in populations with limited dispersal 
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(rate and/or distance) an indiscriminate form of kin selection can be favored if the 

probability of interacting with kin is sufficiently high (Queller, 1992;  Hamilton, 1964; 

Taylor, 1992; Lehmann and Keller, 2006). In plants it is established that limited 

dispersal can lead to competition between highly related individuals (Cheplick, 1992; 

Rhodes et al., 2014), and this effect may be further enhanced in species possessing 

mixed mating systems or the potential for facultative asexual reproduction (Loveless 

and Hamrick, 1984). Here we include neighbor-modulated fitness to account for 

potential kin selection. With this addition the previously described fitness equation 

becomes 

𝑊 = (1 − (1 − (
𝑎𝑧

𝑎𝑧 + 𝑟(𝑛 − 1)𝑎𝑧 + (1 − 𝑟)(𝑛 − 1)𝑎𝑝𝑜𝑝
𝑧

))𝑃) ∗ 𝑅 

Eqn. 3 

where 0< r <1 and describes relatedness of individuals within the population to our 

focal individual, and the proportion of individuals within the group sharing a strategy 

due to kinship.  

Results of Symmetric Intragroup Competition 

To determine the evolutionary stable strategy (ESS) of investment in floral 

attractiveness, we solve 

𝜕𝑊

𝜕𝑎
| 𝑎=𝑎𝑝𝑜𝑝

= 0 

𝜕2𝑊

𝜕𝑎2
| 𝑎=𝑎𝑝𝑜𝑝

< 0 

Eqns. 4 & 5 
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in terms of apop. This solution describes a fitness maximum such that a population 

cannot be invaded by a rare mutant playing an alternative strategy, and is equal to  

𝑎𝑝𝑜𝑝 =
𝑃(𝑛 − 1)𝑃(𝑟 − 1)𝑉𝑧

𝑐((𝑛 − 1)𝑃𝑛 − 𝑛1+𝑃 − 𝑃(𝑛 − 1)𝑃𝑧 + 𝑃(𝑛 − 1)𝑃𝑟𝑧)
 

Eqn. 6 

In this competition, conspecific plants within a patch compete for pollination. 

Here, increasing the value of pollination (V) results in a proportional increase in 

attractiveness. Floral investment in attractiveness (a) also rises quickly in response to 

more competitors, n, and the resulting increase in intragroup competition (Figure 2.1).  

 

Figure 2.1: Investment in floral attractiveness increases with increasing group 

size (n). Changes in pollinator number (P) alter both the intensity of floral signaling 

and the slope of this increase. Dotted line corresponds to conditions of severe 

pollinator limitation, dashed line to moderate competition, and solid line to conditions 

of high pollinator abundance.  
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Further, floral attractiveness responds strongly to changes in pollinator abundance – 

increasing as pollinators become limited, and declining under conditions of high 

pollinator abundance and reduced competition (Figure 2.1).  

Within a patch of competitors at set values of n and V, the inclusion of 

relatedness allows investment in attractiveness to decline steadily as r increases 

(Figure 2.2). Pollinator availability, P, continues to affect the magnitude of investment 

in attractiveness, but, alone, has minimal effect on the linear decline in a as a result of 

increasing relatedness. Under conditions of pollinator limitation however, low values 

of P generate intense competition such that pollinator discrimination ability, z, can 

mitigate the effects of relatedness between competitors. The combination of low P and 

high z requires that competing plants maintain high investment in attractiveness for 

longer, resulting in a slower decline in a until relatedness between competitors 

becomes quite high (Figure 2.2).  

 

Figure 2.2: Investment in floral attractiveness declines with increasing 

relatedness. Pollinator discrimination ability, z, raises investment in floral 



 

43 
 

attractiveness and can generate higher levels of competition even among related 

plants. Dotted line, z > 1, dashed line, z = 1, solid line z < 1.  

 

In this symmetric model of intragroup competition, values of n =1 or r =1 

allow for instances of a = 0 (Figures 2.1 and 2.2). These situations describe either a 

single individual with no competitors (n=1) or competition between genetically 

identical individuals (r=1). Under these conditions the influence of intragroup 

competition is relaxed, which allows individuals to lessen investment while retaining 

the fitness benefits of pollinator visitation. However if we consider that individuals not 

investing in pollinator attraction will not be visited by pollinators, these predictions 

become unrealistic when the value of pollination V > 0. These specific flawed 

predictions come as a result of the model’s structure limiting competition and 

pollinator-choice to flowers within a single patch. More realistically, as floral 

attractiveness in one patch declines we must account for pollinator departure in favor 

of other, more attractive patches (Charnov, 1976).  

 

Asymmetric – Intergroup Competition 

Competition for pollinator visitation cannot realistically be restricted to 

individuals within a single homogenous group. With the exception of highly 

specialized oligolectic pollinators, multiple species of co-flowering plants often 

compete for visitation by the same pollinator species (Waser, 1978b). The introduction 

of heterogeneity among competitors cannot be modeled symmetrically, as0 different 

species may incur different costs or have a different value of pollination, V (e.g., 
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obligate outcrossing versus mixed mating system). Accounting for these potential 

differences, the net reward of pollination, R, for two or more separate groups would be 

described as:  

𝑅1 = 𝑉1 − 𝑐1 ∗ 𝑎1 

𝑅2 = 𝑉2 − 𝑐2 ∗ 𝑎2 

Eqns. 7 & 8 

In addition to group composition, further heterogeneity in intergroup 

competition can be introduced as a result of changes in group size. In this model we 

describe the overall attractiveness of a group or patch of competitors, G, as a function 

of the attractiveness and number of individuals within the group. Here we assume a 

linear increase in group attractiveness as a result of increasing group size, and define 

the competitiveness of each group as the sum of all group members’ individual 

investment in attractiveness: 

𝐺1 = 𝑎1 + (𝑛1 − 1)𝑎𝑝𝑜𝑝1  

𝐺2 = 𝑎2 + (𝑛2 − 1)𝑎𝑝𝑜𝑝2  

Eqns 9 & 10 

Similar to the previous model of isolated intragroup competition, here a 

group’s share of the total available pollinators is defined by that group’s total 

investment in floral attractiveness relative to the summed investment of all competing 

groups. The group fraction, f, of the total pool of available pollinators is equal to:  

𝑓1 =
𝐺1

𝐺1 + 𝐺2
∗ 𝑃 

𝑓2 =
𝐺2

𝐺2 + 𝐺1
∗ 𝑃 

Eqns 11 & 12  
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To encompass the effects of intra- and intergroup competition, we combine the 

earlier intragroup model with group level competition in a nested tug of war. In this 

form, group level competition determines the fraction of pollinators that are the 

subject of subsequent intragroup competition in floral attractiveness. Therefore, f 

replaces P at the intragroup level and the group share of pollination resources in 

asymmetric groups is now described by: 

𝑊1 = (1 − (1 − (
𝑎1

𝑧

𝑎1
𝑧 + 𝑟1(𝑛1 − 1)𝑎1

𝑧 + (1 − 𝑟1)(𝑛1 − 1)𝑎𝑝𝑜𝑝1
𝑧 ))𝑓1) ∗ 𝑅1 

𝑊2 = (1 − (1 − (
𝑎2

𝑧

𝑎2
𝑧 + 𝑟2(𝑛2 − 1)𝑎2

𝑧 + (1 − 𝑟2)(𝑛2 − 1)𝑎𝑝𝑜𝑝2
𝑧 ))𝑓2) ∗ 𝑅2 

Eqns. 13 & 14 

While mechanisms of inclusive fitness can be applied to intergroup 

competition as well as intragroup (Reeve and Hölldobler, 2007), plants are sessile 

organisms and described mechanisms of kin recognition (e.g., root exudates) and 

evolutionary histories promoting kin selection (i.e., population viscosity) focus on 

local interactions while intergroup competition may occur on a broader scale. 

Therefore, in this model we restrict the possibility of kin selection to the intragroup 

level. 

 

Results of Asymmetric Intergroup Competition 

To determine the ESS of multiple competing groups, equations for each 

competing group must be solved simultaneously:   
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𝜕𝑊

𝜕𝑎1
| 𝑎1=𝑎𝑝𝑜𝑝1,𝑎2=𝑎𝑝𝑜𝑝2

= 0 

𝜕𝑊

𝜕𝑎2
| 𝑎2=𝑎𝑝𝑜𝑝2,𝑎1=𝑎𝑝𝑜𝑝1

= 0 

Eqns. 15 & 16 

These equations cannot be solved analytically in terms of apop1 and apop2. As 

a result, in order to find and explore the ESS we used the Newton-Raphson method of 

convergence to generate numerical values of apop1 and apop2 at a range of parameter 

values.  

 Similar to symmetric intragroup competition, increases in n, V, or z generally 

increase the intensity of competition and result in higher investment in floral 

attractiveness. Likewise, increases in pollinator availability (P), relatedness between 

competitors (r), or the associated costs of floral attractiveness (c), each typically 

reduce investment in attractiveness. However, in intergroup competition, the optimal 

strategy of a focal group is not solely influenced by its own group parameters; it is 

also conditional upon the relative attractiveness of the surrounding competitors. As a 

result different parameter values within one group can have a cascading effect, altering 

the landscape of competition and generating marked divergence in the optimal level of 

floral attractiveness.  

  When groups differ in the value of pollination (V), potentially due to differing 

life histories, strategies of investment in floral attractiveness can be markedly different 

between groups. If all pollinator abundance and all other group parameters are held 

equal, a focal group’s allocation to attractiveness increases linearly with increasing V 

(Figure 2.3A). In competition with a similar group at a fixed V, the increased 

allocation to attractiveness in the focal group results in increasing fitness payouts as 
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the focal group attracts an increasing proportion of the available pollinators, f1 > f2 

(Figure 2.3B). 

 

 

Figure 2.3: Asymmetry in the value of pollination (V) promotes divergence in 

allocation to attractiveness and fitness between competing groups. Solid line = 

allocation to attractiveness of a focal group as V1 ranges from 1 to twice that of the 

competing group V2. Dotted line = allocation by a competing group with identical 

parameter values, with fixed V2.  

 

 Different patterns of allocation emerge in response to changes in group size 

and pollinator number (n and P). At a given P, increasing n generally results in 

increased allocation to attractiveness (Figure 2.4C and 2.4E). However, under high 

competition for a limited number of pollinators, allocation to attractiveness may start 

out quite high and change very little despite large changes in group size (Figure 2.4A). 

In all cases, regardless of P, fitness declines in response to increasing group size 

(Figures 2.4B, D, F).  

A B 
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Figure 2.4: Group size and pollinator abundance affect investment in floral 

attractiveness. In each pair of panels, changes in floral attractiveness in response to 

increasing group size are shown on the left. Resulting fitness changes are shown to the 

right. In all panels, solid line = focal group across varying group sizes, dashed line = 

competitor group at fixed group size. Panels A, B show the effects of pollinator 

limitation; C,D represent moderate competition for pollinators; and E,F show effects 

of high pollinator abundance.  

 

Under certain conditions, small groups may initially lower their per-capita 

allocation to attractiveness in response to minor increases in group size, as the group 

benefits from additional individuals that enhance overall group level of attractiveness 

(Figure 2.4A).  However, in this model, the energy saved via reduced allocation is not 

A B 

C D 

E F 



 

49 
 

sufficient to outweigh the accompanying increase in competition and fitness continues 

to decline with increasing group size (Figure 2.4B).  

 As was the case in symmetric, intragroup competition, the effect of intragroup 

relatedness (r) in intergroup competition is generally to reduce competition and 

account for inclusive fitness between genetically similar individuals (Figure 2.5A). 

Unlike the previous model, however, here reduced allocation to attractiveness does not 

allow for increasing fitness benefits. In the presence of multiple competing groups, 

any reduction in the attractiveness due to intragroup dynamics alters the group’s 

success in attracting pollinators at the intergroup level and fitness will decline at high 

levels of intragroup relatedness (Figure 2.5B).  

 

 

Figure 2.5: In intergroup competition, relatedness reduces floral allocation and 

fitness. Increasing relatedness in focal group (solid line) leads to decreased allocation 

to floral attractiveness (Left). Unrelated groups (dashed line) benefit also from 

reduced competition and have a slight, but much less significant, reduction in 

attractiveness. Right: Reduced attractiveness in response to intragroup relatedness 

lowers fitness of focal group. Competitors benefit from increased pollinator visitation 

in the presence of the less attractive focal group (compared to if focal group had not 

lowered attractiveness due to relatedness). 

 

 

A B 
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2.4  Discussion 

 

Competition and Facilitation 

 

 In both the symmetric and asymmetric models of floral competition, 

predictions consistently highlight the role of competition in shaping the optimal 

allocation to floral attractiveness. This dynamic has been the subject of a number of 

theoretical predictions and empirical tests, frequently focusing on the role of plant 

density and intra- versus interspecific competition. Here, both models support 

previous predictions that increasing group size and intragroup or intraspecific 

competition can reduce individual fitness within the group (Rathcke, 1983). This result 

is consistent with empirical evidence of increased competition in larger groups, 

demonstrated in several plant species, including the South African iris Lapeirousia 

oreogena (Iridaceae) and the tropical milkweed Asclepias curassavica 

(Asclepiadaceae) (Johnson et al., 2012; Ward et al., 2013). Rathcke (1983), however, 

also suggests the potential for facilitation among co-flowering plants rather than 

exclusively competitive interactions. One predicted mechanism for this to occur is that 

at small group sizes a slight increase in group size (n) may sufficiently enhance group-

level attractiveness and result in higher pollination and fitness benefits before that 

benefit is overridden by increased intragroup competition at large group sizes 

(Rathcke, 1983). In the asymmetric model we do see that small groups are enhanced 

by minor increases in group size, resulting in slightly reduced allocation to 

attractiveness (Figure 2.4A), however individual fitness declines with increasing group 

size (Figure 2.4B). Other mechanisms for facilitation may also occur (e.g., supporting 
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larger pollinator populations or increasing pollinator diversity (Ghazoul, 2006), 

however density-dependent facilitation may still occur if the effect of increasing group 

size on that group’s perceived level of attractiveness is non-linear (Feldman et al., 

2004).  

 Pollinator characteristics, including perception, are also important factors 

mediating inter-plant competition for pollination. Discussion of competition for 

pollination often focuses on plant population size or density, giving less attention to 

pollinator abundance or treating it as a fixed parameter. This competitive model 

demonstrates that changing pollinator abundance has a strong effect on optimal 

allocation strategies (Figure 2.1). Further, low pollinator abundance has been 

identified as a factor promoting increased floral scent production in early-season 

flowering plants (Filella et al., 2013). Predictions from both the symmetric and 

asymmetric models of competition also highlight the role of pollinator perception and 

discrimination abilities. Additionally, while it is not directly stated, predictions of 

density-dependent facilitation rely on non-linear increases in pollinators’ perception of 

floral attractiveness (Rathcke, 1983; Feldman et al., 2004). Perceptual differences 

between pollinator species are well documented (Dyer et al., 2008; Schiestl and 

Johnson, 2013), however direct tests addressing the role of pollinator discrimination 

ability in inter-plant competition are limited. 

   

Relatedness 

In competitive interactions the function of relatedness is typically to reduce 

competition between genetically similar individuals, allowing those individuals to 



 

52 
 

benefit from inclusive fitness and conserve resources for the future (West et al., 2002; 

Dudley et al., 2013). This dynamic occurs as long as there is a net fitness benefit, and, 

in plants, has been described in vegetative and root interactions where related 

individuals invest less in direct competition (Crepy and Casal, 2015; Dudley and File, 

2007; Bhatt et al., 2011). Both of these examples, however, involve competitive 

interactions at a localized scale. In the case of pollination, modified allocation to floral 

attractiveness affects group level attractiveness as well as individual local competitive 

interactions. With this dynamic, any reduction in competition in response to intragroup 

relatedness has a net negative impact on the attractiveness of the entire group. As a 

result, the model predicts a negative fitness impact in the presence of competitors and 

suggests that to maximize individual fitness intragroup relatedness should have 

minimal effect on investment in floral attractiveness. Alternatively, recent 

experimental evidence suggests that relatedness among co-flowering plants may 

promote increased allocation to attractiveness (Torices et al., 2018). Because kin 

effects in plants also affect both vegetative and root competition, in turn affecting 

resources available for allocation, it is difficult to disentangle these effects. 

 

Ecological or Evolutionary Time  

 

 Competition for pollination demonstrates that the success of a floral allocation 

strategy is conditional on a number of factors including the relative attractiveness of 

competitors. Over time, competing plants may converge on the strategy that 

maximizes their fitness in response to these factors. While this can occur relatively 

quickly in evolutionary time (Mu et al., 2014), changes in pollinator availability or the 
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number of competitors can occur within a single growing season (Filella et al., 2013). 

Theories of animal mate searching predict that unsuccessful individuals increase their 

allocation to mate searching until achieving reproductive success (Simmons, 2015). In 

flowering plants, pollination is a significant physiological event and many plants 

exhibit a number of post-pollination responses (Weiss and Lamont, 1997; Tollsten and 

Bergstrom, 1989; Schiestl and Ayasse, 2001). Combined with empirical results 

documenting increased display size in response to lack of pollination (Harder and 

Johnson, 2005), this suggests that plants too may use mating or pollination status to 

assess the success of floral allocation strategies and respond with some degree of 

plasticity. More direct assessment of co-flowering competitors may also be possible if 

plant-plant volatile communication can be extended to include floral volatiles in 

addition to signals of wounding or herbivore damage (Caruso and Parachnowitsch, 

2015).  

Alternatives 

 

This model explores how competition from co-flowering plants, pollinator 

characteristics, and the relatedness between competitors influence the optimal level of 

investment in floral attractiveness. Here, in the absence of resource limitation, we 

already see that asymmetries between groups can easily generate large disparities in 

individual fitness. Additional asymmetries in total resources available for allocation 

would inherently limit a plant’s ability to respond to competition and exhibit optimal 

levels of floral attractiveness. When the prediction for optimal investment in floral 

attractiveness differs dramatically from the energetic versus competitive perspective, 

direct competition between co-flowering plants may be untenable. In these 



 

54 
 

circumstances the best option may be for a plant to reduce direct competition or exit 

the competition entirely, leading to potential reproductive character displacement, 

pollinator switches, and partitioning of pollinators in time.  
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CHAPTER 3 

COMPARISONS OF NECTAR QUALITY: NECTAR AMINO ACIDS 

MODIFY NECTAR PREFERENCE IN THE HAWKMOTH MANDUCA 

SEXTA 

 

3.1  Abstract 

 

The nearly ubiquitous presence of amino acids in the nectar of flowering plants has led 

to significant interest in the relevance of these compounds to pollinator behavior and 

physiology. A number of flower-visiting animals exhibit behavioral preferences for 

nectar solutions containing amino acids, but these preferences vary by species and are 

often context or condition dependent.  Furthermore, the relative strength of these 

preferences and potential influence on the foraging behavior of flower visiting animals 

remains unclear. Here, we use innate preference tests and associative learning 

paradigms to examine the nectar preferences of the flower-visiting hawkmoth, 

Manduca sexta, in relation to both sugar and amino acid content. M. sexta exhibited a 

strong preference for higher sucrose concentrations, while the effect of amino acids on 

feeding preference was only marginally significant. However, with experience, moths 

were able to learn nectar composition and flower color associations and forage 

preferentially for nectar with a realistic amino acid composition. These results show 

that experienced foragers may assess nectar amino acid content in addition to nectar 

sugar content and caloric value.  
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3.2 Introduction  

 

While sugars are typically the dominant component of floral nectar and have been the 

focus of extensive behavioral and ecological research, the presence of nitrogenous 

compounds in nectar has been documented since the mid-20th century (Ziegler, 1956; 

Lüttge, 1961; Gardener and Gillman, 2002). This category includes nectar alkaloids 

and proteins (Adler, 2000; Beutler, 1935; Nicolson and Thornburg, 2007) as well as 

free amino acids, the discovery of which (Baker and Baker, 1973) has generated 

decades of investigation into the ecological, physiological, and behavioral relevance of 

these nutritional compounds.  

The composition and concentration of nectar amino acids varies among 

species, however their presence at approximately millimolar levels is considered to be 

nearly ubiquitous in flowering plants (Baker and Baker, 1973; Gardener and Gillman, 

2001; Petanidou et al., 2006). Further, preferences for nectars containing amino acids 

have been documented in foraging animals across a variety of taxa including flies, 

ants, bees, and butterflies (Alm et al., 1990; Erhardt and Rusterholz, 1998; González-

Teuber and Heil, 2009; Lanza, 1988; Rathman et al., 1990). Despite this widespread 

preference there are a number of counter examples, particularly in the Lepidoptera, 

that demonstrate a lack of preference or that preference for nectar amino acids is 

condition or sex dependent (Alm et al., 1990; Erhardt, 1991; Mevi-Schutz and Erhardt, 

2003;  Mevi-Schutz et al., 2003). Collectively these results suggest that, although 

widespread, preference for amino acid-containing nectars may not be broadly 
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generalizable to species that vary in feeding habit or the degree to which adult diet 

affects life history traits (Boggs, 1997).  

Behavioral tests of nectar preferences compel a number of important 

considerations, one of which is foraging differences between species and, potentially, 

between sexes of the same species. For example, the foraging decisions of a solitary 

forager are influenced by individual experience, nutritional status, and that 

individual’s energy budget. A collectively foraging species, such as the honeybee, 

often has specialized foragers (workers) which benefit from shared information and 

resources within the hive, and have optimized acceptance thresholds for specific 

foraging tasks (i.e., nectar or pollen collection) (Değirmenci et al., 2018; Detrain and 

Deneubourg, 2008; Farina et al., 2007; Lihoreau et al., 2015; Seeley, 1989). Thus, a 

forager from a collectively foraging species may exhibit strong preferences for 

specific nectar chemistry while a solitary forager under the same conditions may be 

forced to compromise and balance multiple nutritional demands simultaneously or 

consume large quantities of a less preferred nectar before a higher quality resource is 

located or specific nectar associations are learned (Lihoreau et al., 2017; Persson, 

1985; Tepedino and Parker, 1982). Furthermore, in nectar preference tests the artificial 

nectar used can have a strong influence on the experimental outcome. There is 

evidence for associations between nectar chemistry and pollinator identity (Baker and 

Baker, 1983; Baker et al., 1998; Kaczorowski et al., 2005; Stiles and Freeman, 1993) 

and behavioral responses to single amino acids or amino acid blends at the correct 

concentration but arbitrary ratios can vary dramatically from responses to more natural 

nectar blends (Blüthgen and Fiedler, 2004; González-Teuber and Heil, 2009; Shiraishi 
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and Kuwabara, 1970). Finally, the ecological relevance of a statistical preference for 

amino acid-rich nectar is frequently unclear. In nectar-feeding bats the presence of 

amino acids in nectar can modify foraging behavior and interfere with discrimination 

between nectars of varying sugar concentration (Rodriguez-Pena et al., 2013), 

however most amino acid preference tests are conducted using nectars of equimolar 

sugar concentrations and there are few experimental results that address the influence 

of amino acids on perceived nectar quality 

In this study, our primary objective was to use a realistic nectar solution to 

determine the nectar and amino acid preferences of the hawkmoth Manduca sexta 

(Lepidoptera: Sphingidae). We used M. sexta of both sexes in individual behavioral 

trials in order to assess amino acid preferences in this species, as well as to determine 

the strength of this preference in relation to changing nectar sugar concentrations. In 

addition, we used an associative learning paradigm to determine if amino acid content 

was a salient nectar characteristic that might affect flower-choice in actively foraging 

moths.  

 

3.3 Materials and Methods 

 

Animal Care 

 

 

Adult Manduca sexta (Sphingidae) moths used in behavioral trials were the 

offspring of animals acquired from a laboratory colony maintained at the University of 

Arizona, Tucson, AZ (Stillwell and Davidowitz, 2010). Developing larvae were fed ad 
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libitum on an artificial diet adapted for M. sexta (Bell and Joachim, 1976; Goyret et 

al., 2009) and were maintained at 24°C on a 16h:8h light:dark photoperiod in a 

humidified (ca. 50%) incubator. At the wandering stage, larvae were transferred to 

wooden pupation boxes (Yamamoto et al., 1969). Pupae nearing eclosion were sorted 

by sex and transferred to 33 cm X 33 cm X 60 cm screen cages (BioQuip, Inc., 

Rancho Dominguez, CA, USA), maintained at 24°C with a consistent 16h:8h 

light:dark photoperiod. Upon eclosion, newly emerged adult moths were maintained in 

the same way for 3-4 days, unfed, prior to the start of behavioral trials. All behavioral 

trials were conducted during the initial 120 min of scotophase, as this timeframe 

occurs within a peak in activity for M. sexta (Sasaki and Riddiford, 1984; Broadhead 

et al., 2017). Moths of both sexes remained unmated for the duration of all 

experiments.  

 

Artificial Nectar Solutions and Nectar Amino Acid Measurements 

 

 To determine accurate amino acid concentrations for artificial nectar solutions, 

we harvested nectar from individual flowers of the yellow evening primrose 

Oenothera flava subsp. taraxacoides (Onagraceae). These flowers are hawkmoth-

pollinated (Gregory, 1964), and produce large volumes of nectar sufficient for 

chemical analyses (Raguso et al., 2007). We germinated seeds of O. flava subsp. 

taraxacoides (for accession information see Summers et al., 2015) and transplanted 

seedlings into 6-in pots containing a 60/40 mix of Sun-Gro Metro-Mix 360/Perlite, 

which were watered daily. The plants were grown in common-garden greenhouse 
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conditions with day/night temperatures at 24 °C/21 °C and a 12h photoperiod. 

Flowering began approximately 6-10 weeks after germination, and nectar samples 

were collected within one hour of a flower’s opening and stored at -80  ͦ C until 

analysis. Nectar volumes were sufficient so that nectar samples were analyzed 

individually, rather than pooled (n=52).  

 Nectar amino acids were measured using the AccQ-Tag protocol (Waters 

Corp., Milford, MA, USA) which has been previously used for nectar amino acid 

analysis (Gardener and Gillman, 2001). Sample processing followed that of 

Macdonald et al. (2012). Briefly, individual nectar samples were filtered using 0.45 

μm centrifuge filter (Corning, Corning, NY, USA) by centrifugation at 1500 g for 10 

min, and 2.5 µl filtrate was derivatized with AccQ-Tag, following the manufacturer’s 

protocol, and injected into a Waters Acquity UPLC with PDA detector and AccQ-Tag 

Ultra 2.1 x 100 mm column. The gradient was: 0-0.54 min, 99.9% A 0.1% B; 0.54-

5.74 min, 90.9% A and 9.1% B; 5.74-7.74 min, 78.8% A 21.2% B; 7.74-8.04 min, 

40.4% A 59.6% B; 8.04-8.64 min, 10% A 90% B; 8.05-8.64 min 10% A 90% B; 8.64-

8.73 min 99.9% A 0.1% B; 8.73-9.50 min, 99.9% A 0.1% B (linear between each time 

point), where A is 90% AccQ-Taq Ultra Eluent A in water, and B is AccQ-Tag Ultra 

Eluent B.  Amino acids were determined by retention time comparison to standards, 1, 

25, 50 and 100 pmol and protein-amino acids μl-1 (Waters amino acid hydrolysate 

standard #088122, supplemented with asparagine, tryptophan and glutamine).   

 Artificial nectar solutions containing amino acids were based on the mean 

concentrations of individual amino acids in these nectar samples (Table 3.1), using 

pure standards obtained from Sigma-Aldrich Corp. (St. Louis, MO). The standardized 
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sucrose level of 25 % sucrose (w/v) was chosen to match to the natural sucrose level 

in floral nectar of O. flava (Raguso et al., 2007).  

 

 

  
Mean 

(pmol/µl) 
S.E. (±) 

Sucrose % 26.5 0.4 

His 67.0 4.5 

Asn 131.7 12.4 

Tau 0.3 0.3 

Ser 40.7 5.1 

Gln 78.7 17.2 

Arg 0.4 0.2 

Gly 15.0 1.6 

Asp 31.4 3.9 

Glu 17.6 2.6 

Thr 10.5 2.5 

Ala 9.8 1.1 

Pro 18.2 2.7 

Cys 34.7 3.4 

Lys 4.3 0.7 

Tyr 6.5 0.8 

Met 2.7 0.5 

Val 20.0 6.2 

NVa 1.5 0.3 

Ile 15.4 4.5 

Leu 3.5 0.5 

Phe 2.3 0.3 

Trp 2.9 0.5 

Total Amino 

Acid 
515.1 52.7 

 

Table 3.1:  Amino acid composition of O. flava nectar (pmol /µl) 
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Innate Nectar Preferences 

 

 Innate preference tests consisted of 2-choice trials, in which individual naïve 

M. sexta were presented with two artificial flowers, each containing a different nectar 

solution, and the moth’s preferences measured. The experimental arena consisted of a 

2 m X 1 m X 1 m laminar flow flight tunnel, maintained at an illuminance of 8.79 ± 

0.14 lux with an airflow of 1.2 ms−1. Artificial flowers used in these experiments were 

constructed from 3 cm diameter plastic funnels (either blue or white) inserted into a 

microcentrifuge tube serving as a nectar reservoir. The 2-choice array was placed at 

the upwind end of the flight tunnel with the artificial flowers mounted at a 45 ͦ angle 

40 cm above the floor, and separated laterally by 25 cm. A cotton swab was placed 

immediately upwind of each artificial flower and treated with 1 drop of bergamot 

essential oil, which is chemically similar to many hawkmoth-pollinated flowers and is 

a reliable feeding attractant for M. sexta (Goyret and Raguso, 2006).  

 The 2-choice trials were conducted in two stages; an initial pre-trial exposure 

followed by the experimental trial when preferences were measured. Pre-trial 

exposures were necessary in this experiment to ensure that all moths encountered and 

tasted both experimental nectar solutions before preference was measured. This pre-

trial phase began when a single naïve moth was introduced at the downwind end of the 

flight tunnel and a pair of artificial flowers (blue and white), each augmented with 25 

μl of different nectar solutions, was introduced upwind. After initiating flight, 

individual moths were given 5 min to begin foraging from the artificial flowers. Moths 

that did not forage or did not successfully consume all nectar from both pre-trial 
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flowers (50 µl in total) were eliminated from the experiment. After experiencing both 

nectar options during this pre-trial exposure, moths were returned to the downwind 

end of the flight tunnel and re-released to forage on newly refilled artificial flowers 

now containing 2 ml of the same nectar solutions. Flower placement and nectar-color 

pairings were held constant for individual moths, but randomized between animals so 

that each location and color-nectar pairing was equally represented in the data. There 

were no moths which failed to forage in the experimental trial after successfully 

completing the pre-trial phase of the experiment. Trials were not restricted to a time 

limit and moths were allowed to feed until sated, at which point they stopped flying 

(generally < 10 min of active foraging). At the end of each trial the volume of nectar 

consumed from each of the two artificial flowers was measured and a preference index 

was calculated based on consumption. Trials were designed such that experimental 

nectar solutions were always tested against a standard control nectar consisting of 25% 

sucrose (w/v), and the preference index was calculated as follows: 𝑃𝐼 =

 
25%−𝑁𝑒𝑐𝑡𝑎𝑟 𝑋

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (µ𝑙)
, where 25% refers to the volume of the control solution consumed 

and Nectar X refers to consumed volume of the experimental nectar solution. Positive 

values of PI approaching +1 indicate a preference for the standard 25% sucrose 

solution while PI values approaching -1 show preference for the experimental nectar, 

and PI = 0 represents no preference between the two.  Nectar solutions compared 

against the 25% sucrose standard consisted of 5, 10, 15, 20, and 25% sucrose (w/v) 

solutions. An additional 5 treatments consisted of these same sucrose concentrations 

with the addition of realistic levels of nectar amino acids, for 10 nectar treatments 
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(Table 3.2). A minimum of 20 moths was tested for each experimental nectar solution 

(N = 203) and all trials were conducted in a randomized order. 

 

 

Sucrose % 

(w/v) 

Amino 

Acids 

Treatment Choices 

5 - 5 vs 25 

10 - 10 vs 25 

15 - 15 vs 25 

20 - 20 vs 25 

25 - Control 

5 + 5+AA vs 25 

10 + 10+AA vs 25 

15 + 15+AA vs 25 

20 + 20+AA vs 25 

25 + 25+AA vs 25 

 

Table 3.2: Description of experimental treatments. A (+) sign indicates that a 

realistic blend of amino acids (determined by HPLC analysis of O. flava nectar) has 

been added to nectar of a given sucrose concentration. Each solution is compared 

individually against 25 % sucrose (w/v) solution in 2-choice innate preference tests.  

 

Learned Nectar Preferences 

 

Nectar preferences of experienced moths were assessed using a flower color – 

nectar composition associative learning paradigm. The experimental arena consisted 

of a 142 cm X 61 cm X 61 cm (LWH) screen cage (BioQuip, Inc., Rancho 

Dominguez, CA, USA), with an illuminance of 10 lux. A foraging array consisting of 

a rotating plastic disc with spaces for four artificial flowers mounted 20 cm apart 

(Figure 3.1) was placed at one end.  Artificial flowers were constructed from paper 

discs folded into 3 cm diameter paper funnels and attached to 100 μl plastic pipette 
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tips which were sealed at one end and served as nectar reservoirs. In this experiment 

the color associations used were blue or yellow flowers which were constructed from 

Astrobrights® paper in the colors “Lunar Blue” and “Solar Yellow”, respectively 

(Neenah Paper, Inc., Alpharetta, GA). These papers were chosen because the colors 

differed in wavelength but were matched in reflectance intensity as measured using an 

Ocean Optics USB4000 miniature fiber optic spectrophotometer with a deuterium-

tungsten lamp and a fiber optic probe to provide standard illumination (Figure 3.2). 

Measurements were taken with the probe mounted at a 45 ͦ angle and placed directly 

over the paper flower against a black fabric background, and shielded from ambient 

light. Spectral data were calibrated against a white diffuse reflectance standard (Ocean 

PN WS-1) set to 100%. Measurements were taken every 0.2 nm, from 300 (UV) to 

650 (red) nm wavelengths (Figure 3.2).  

Beginning with naïve animals, individual moths were introduced to the end of 

the experimental arena opposite the artificial flower array. Similar to the protocol used 

in innate preference tests, moths were allowed 5 min after taking flight to begin 

foraging. Moths were initially presented with only two flowers (one blue, one yellow), 

each containing 20 μl of a different nectar solution. As the moth began foraging, first-

choice (determined by extending the proboscis and probing the flower) was recorded, 

and the moth was monitored until it was observed to have fed from both flower types. 

Moths that did not feed from both flower types, thereby encountering both nectar 

choices, were excluded from the experiment.  

 Following this initial stage, the foraging array was refilled with two new 

flowers of each type in alternating positions (four flowers total - Figure 3.1), with each 



 

73 
 

flower containing 20 μl of the appropriate nectar solution. At this stage moths were 

allowed for forage until sated. Artificial flowers were refilled after each visit and the 

entire array was rotated clockwise 90 ͦ after every third visit to prevent positional 

learning and ensure learned associations between flower color and nectar type (similar 

to Kelber, 1996). At the end of each trial the moth’s total number of visits was 

recorded and the percentage visitation to each of the two flower types was calculated. 

This procedure was repeated across three consecutive days. 

 

 

 

 

Figure 3.1: Foraging Array. Diagram shows the alternating placement of the 

different colored artificial flowers, and illustrates 90 ͦ clockwise rotation.  

 

 

 



 

74 
 

 

 

Figure 3.2: Average reflectance spectra of artificial paper flowers (n=6 for each 

color).  

 

 As in the innate preferences test, each experimental nectar was tested against a 

standard 25 % sucrose (w/v) solution. Under these experimental conditions moths 

exhibited a strong bias in favor of yellow artificial flowers. Therefore, rather than 

conducting a fully combinatorial experiment in which each nectar-color combination 

was tested, moths were instead tested by training them away from their initial color 

bias by placing the nectar of presumed higher quality in flowers of the less preferred 

color (blue). This approach was used by Balkenius et al. (2006) as a high stringency 

test of the ability of the hawkmoth Macroglossum stellatarum to learn against a strong 

innate preference. Experimental treatments and nectar-color pairings are shown in 

Table 3.3.  
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Yellow Flower Blue Flower Treatment Choices 

25 25 Control 

20 25 20 vs 25 

25 25 + AA 25 vs 25+AA 

DI water (0% Sucrose) 25 0 vs 25 

80 ppm Quinine 25 Q vs 25 

 

Table 3.3: Treatments for learned nectar preference behavioral trials. Numbers 

indicate sucrose percentage (w/v) while AA represents the addition of ecologically 

relevant concentrations of amino acids. 

 

 

 

Statistical Analyses 

 

All analyses were conducted in R (http://www.R-project.org/). In innate 

preference tests, side bias (left or right) in the control treatment was evaluated using 

Student’s t test. Preference indices across all treatments were compared using 

ANCOVA, with moth sex and nectar amino acid content as factors and sucrose 

concentration as covariate.  In associative learning trials, Chi-squared goodness of fit 

test was used to determine if first-choice color bias deviated from the expected 

frequency (50%), and Fisher’s exact test was used to evaluate change in first-choice 

bias over the three trial days. Foraging preferences over time were evaluated using 

repeated measures ANOVA including trial day as a within subjects factor, with sex 

and treatment as between subjects factors.  
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3.4  Results 

Innate Preferences  

In the innate preference tests, moth preferences under the control conditions 

(25 % sucrose compared against itself) was approaching zero (Figure 3.3, PI = - 0.03), 

and no side bias (L or R placement in the floral array) was detected (Student’s t-test, p 

= 0.35). When analyzed across all treatments, sucrose concentration had a highly 

significant effect on moth nectar preferences (p < 0.0001). The addition of realistic 

concentrations of amino acids to experimental nectars showed a trend towards 

increased preference for amino acid-containing nectar, but this effect was marginal 

(N=203, p = 0.06) (Table 3.4). The innate preferences of male and female moths were 

not statistically different (p = 0.67) (Table 3.4).  

 

 

 

Figure 3.3: Innate preference indices of naïve M. sexta presented with 

experimental nectars of varying sucrose and amino acid content, compared with 



 

77 
 

a standardized 25 % sucrose control solution. Preference index values are presented 

on a scale of -1 to 1, with 0 indicating no preference. Negative values indicate a 

preference for the experimental solution, while positive values indicate a preference 

for the control solution. Experimental treatments containing only sucrose are 

represented by white bars, and black bars represent experimental solutions containing 

amino acids. Treatment abbreviations correspond to Table 3.2.  

 

 

 Df Sum sq Mean sq F value Pr (>F) 

Sucrose 1 9.68 9.679 15.711 0.000103 *** 

Amino Acids 1 2.14 2.142 3.476 0.0637  

Sex 1 0.11 0.110 0.178 0.673 

Residuals 201 123.83 0.616   

 

Table 3.4:  Results of ANCOVA of innate nectar preferences. 

 

Learned Preferences 

 

 Prior to training, the first-choice of experimental animals revealed a significant 

color bias in favor of yellow over blue artificial flowers on first exposure (Χ 2 = 

38.479, df = 1, p < 0.0001) and this first-choice bias remained consistent across all 

three days (p = 0.26) (Figure 3.4). 
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Figure 3.4: First-choice color bias in first-choice test across 3 trial days. On day 1, 

prior to any experience, 86.3 % of all first-choice visits were to yellow experimental 

flowers (Χ 2 = 38.479, df = 1, p < 0.0001). First-choice bias did differ significantly in 

later trial days (p = 0.26).   

 

 In the control treatment, in which blue and yellow flowers each contained identical 

25% sucrose solutions, this strong preference for yellow flowers was maintained 

across all 3 days of the experiment (Figure 3.5). After three days of foraging 

experience, a 3-way repeated measures ANOVA showed that nectar treatment, trial 

day, and the sex of the individual moth were each highly significant factors affecting 

nectar preferences (Table 3.5). Pairwise comparisons using Tukey’s HSD test showed 

that the 25 vs 25+AA treatment was significantly different from the control (p < 0.01). 

Additionally, 20 vs 25 was also significant different from the control (p = 0.033). This 

5% difference in sucrose concentration (20 vs 25) was not statistically distinguishable 

from the addition of amino acids to otherwise identical nectars (25 vs 25+AA) (p = 

0.97). The non-rewarding (0% sucrose) or aversive treatments (80 ppm quinine) were 
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not statistically different from each other (p = 0.75), but both were statistically 

different from all other treatments.  

 

 

 

Figure 3.5: Nectar-flower color associations change foraging behavior after 

experience. Rewarding treatments: control (solid line), 20 vs 25 (dotted line), and 25 

vs 25AA (dashed). Non-rewarding treatments: 0 vs 25 (dot-dash line), Q vs 25 

(longdash). Nectar and flower-color pairings are described in Table 3.3.  
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 Df Sum sq Mean sq F value Pr (>F) 

Treatment 1 2.493 2.4926 112.62  <2e-16 *** 

Trial Day 1 0.340 0.3401 15.37 0.00012 *** 

Sex 1 0.724 0.7236 32.69 3.43e-08 

*** 

Residuals 224 4.958 0.0221   

 

Table 3.5: Repeated Measures ANOVA of learned nectar preferences. 

 

3.5  Discussion 

 

In the 2-choice innate preference tests, naïve moths demonstrated a strong response to 

changing sucrose concentrations with the preference index approaching zero (no 

preference) in regular increments as the difference in sucrose concentration between 

experimental flowers also approached zero (25% vs 25% control treatment) in 5 % 

decrements. While the addition of amino acids to these nectar solutions did not meet 

the criteria for statistical significance (p = 0.06), there was a general trend for 

increased preference for nectar mimics containing amino acids (Figure 3.3). Notably, 

this trend was seen even at low sucrose concentrations, and the preference index 

approached zero (no preference between nectars) when sucrose concentrations 

remained unequal, before shifting negative and indicating a preference for the amino 

acid containing nectar at equal sucrose concentrations. 

 While this experiment detected a strong behavioral response to changing 

sucrose concentrations, the marginal result in relation to amino acids is not surprising. 

In this experiment naïve moths were expected to discriminate between nectars of 

variable quality in the first few minutes after foraging for the first time. Even in 

treatments containing only sucrose, there is substantial error and consumption from 
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lower quality nectar solutions. Amino acids, while relevant to adult health and 

reproductive fitness in some circumstances (Mevi-Schutz and Erhardt, 2005), are not 

predicted to have a larger effect on nectar preferences than sugar and caloric value. 

Furthermore, in this experiment none of the tested nectar solutions can be considered 

aversive or below an acceptance threshold, which limits the range of expected 

behavioral responses to more subtle differences in preference rather than acceptance 

versus rejection behaviors. Despite what can appear to be an instinctual ability to 

discriminate between and handle flowers while foraging, naïve pollinators are 

frequently quite poor at exploiting floral resources prior to gaining experience 

(Laverty, 1994; Raine and Chittka, 2007), and these results may suggest that 

hawkmoths do not have the facility to exhibit subtle nectar preferences in their initial 

foraging bouts.   

 In subsequent learned-preference experiments in which moths were given three 

days of foraging experience, the initial color bias detected in first-choice 

measurements was maintained across all three days. However, the addition of amino 

acids to the experimental nectar or a 5 % sucrose difference between nectars were both 

equally effective in training moths away from their initial color bias in favor of 

increasing visitation to the initially less preferred color (blue). This approximate 

equivalence in which the presence or absence of amino acids produces an effect 

similar to, and statistically indistinguishable from, a 5 % difference in sucrose 

concentration is remarkably similar to the trend suggested in the initial innate 

preference experiments. Additionally, while different in mechanism, this trend is also 

similar to the previously mentioned result (Rodríguez‐Peña et al., 2013) in nectar 
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foraging bats in which the presence of amino acids influences a foraging bat’s ability 

to distinguish between nectars of different sugar content. 

 It is likely that this approximate equivalence varies across species and in 

relation to amino acid concentrations, the neurophysiological mechanism of 

perception and the nutritional state of the pollinator. Irrespective of the exchange rate, 

however, these results suggest that in addition to enhancing perceived nectar quality in 

comparisons between solutions of equal sugar content, the addition of amino acids 

may be equally able to increase the perceived quality of a nectar that would otherwise 

be considered low quality when judged on caloric value or sucrose content alone. 

From the plant’s perspective, this might suggest a potential strategy to enhance nectar 

quality while conserving photosynthate.  From the perspective of a foraging pollinator, 

this may have interesting implications as a nectar approaches its critical viscosity  – 

the point at which increasing nectar sugar concentration and nectar viscosity harm net 

energy intake rate (Harder, 1985; Josens and Farina, 2001). At this stage, the addition 

of nectar amino acids may enhance the perceived quality of a nectar beyond the limits 

imposed by viscosity. Intriguingly, the addition of amino acids may affect nectar 

viscosity less than a direct increase in nectar sugar concentration (Heyneman, 1983). 

This dynamic could lead to conditions in which nectar enhancement via the addition of 

amino acids is preferential to a direct increase in sugar concentration, even in cases 

where the amino acids themselves may yield no additional nutritional benefit.  
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CHAPTER 4  

 

NECTAR QUALITY AND AMINO ACID CONTENT AFFECT MATE-

CHOICE AND FECUNDITY IN THE HAWKMOTH HYLES LINEATA 

 

 

4.1  Abstract 

 

The ubiquitous presence of nectar amino acids has led to significant interest in their 

functional significance for nectar feeding insects. Flower-visiting butterflies and 

moths have been an area of specific focus in addressing this question, due to their 

limited feeding habits and restriction to nectar-only diets. Surprisingly, fitness benefits 

of nectar amino acid consumption have been identified only in the case of previously 

nutritionally stressed individuals. Here, we used the white-lined sphinx moth, Hyles 

lineata, to investigate the potential effects of adult diet and amino acids on mate 

choice behavior, longevity, and fecundity. Nutritional state had a significant impact in 

mate choice preferences and fitness, with amino acid containing nectars resulting in 

the highest lifetime fitness. These results demonstrate significant direct fitness benefits 

of adult dietary amino acids, and suggest further indirect benefits due to the alleviation 

some nutrient resource allocation tradeoffs.  

 

4.2  Introduction  

 

 

The presence of amino acids in floral nectar has been documented for the past half 

century (Ziegler, 1956). However, it was not until the broader surveys of Baker and 

Baker (1973) that the presence of amino acids in floral nectar was revealed to be 



 

91 
 

nearly ubiquitous. This discovery was quickly followed by the realization that 

significant variation in nectar amino acids could be explained by pollinator identity 

(Baker and Baker, 1982, 1983). Further, phylogenetically controlled studies have since 

revealed significant variation in nectar sugar concentrations, sucrose to hexose ratios, 

and amino acid levels that can be explained by pollinator shifts (Baker and Baker, 

1983; Kaczorowski et al, 2005; Nicolson and Thornburg, 2007; Stiles and Freeman 

1993). These correlations have stimulated significant interest in the relationship 

between the nutritional demands of specific pollinator classes and the functional 

significance of individual nectar components.  

 The flower- visiting butterflies and moths (Lepidoptera) remain a group of 

significant interest in addressing the functional significance of nectar components, 

specifically the role of nectar amino acids. Unlike many other pollinators, the feeding 

habits and physical structure of the lepidopteran proboscis limit most foraging 

butterflies and moths to the liquid rewards of floral nectar. These physical 

considerations place the Lepidoptera in distinct contrast to pollinating bees or 

hummingbirds, which can supplement their diets with nitrogen rich pollen and insects, 

respectively. As a result, adult butterflies and moths are frequently considered 

nitrogen-limited by comparison, and reproductive individuals often rely heavily on 

reserves accumulated and stored during their larval stage (Boggs, 1986; Boggs, 1997).  

 Several behavioral studies have revealed the relevance of nectar amino acids to 

foraging butterflies and moths, demonstrating that females frequently prefer nectars 

containing amino acids over those without (Alm et al, 1990; Erhardt and Rusterholz, 

1998, Mevi-Schutz and Erhardt 2003a). However, despite documented foraging 
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preferences, most experimental tests examining the influence of nectar amino acids on 

fecundity have not detected any significant effect (Murphy, 1983; Moore, 1987; Hill, 

1989; Hill and Pierce, 1989; Mevi-Schutz and Erhardt, 2003b). In fact, it was not until 

2005 that adult dietary amino acids were demonstrated to enhance fecundity in female 

Map butterflies, Araschnia Levana (L.), that had been nutritionally stressed as larvae 

(Mevi-Schutz and Erhardt, 2005).   

 Beyond larval nutrition, there are a number of additional fitness-related factors 

influencing the potential for nectar quality and composition to affect adult life history 

parameters. Notably the number of eggs provisioned during pupation prior to 

emergence as an adult butterfly or moth, or the ‘ovigeny index’, is a major factor in 

determining the impact of adult nutrition on fecundity (Labine, 1968; Boggs, 1981). 

Other previously identified factors include the size and nutritional composition of 

male spermatophores or nuptial gifts, as well as individual variation in nectar 

consumption volumes (Mevi-Schutz and Erhardt, 2005).  

 In these experiments our aim was to examine the influence of nectar amino 

acids on adult life history parameters in the white-lined sphinx moth, Hyles lineata 

(Lepidoptera: Sphingidae). This moth emerges from pupation with no mature oocytes, 

and adult sucrose consumption is known to have a significant influence on adult life 

history parameters (von Arx et al., 2013). Rearing these moths on a standardized 

artificial diet we were able to control larval nutritional state, in addition to assessing 

male nutritional state and incorporating behavior trials to assess the potential influence 

of diet and body condition on adult mating success.  
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4.2 Methods 

 

Animal Care 

Adult Hyles lineata (Sphingidae) used in these experiments were derived from 

the progeny of eggs and larvae collected from Oenothera harringtonii (Onagraceae) 

plants in Colorado Springs, CO during the summer of 2009 (see von Arx et al., 2013). 

Developing larvae were fed ad libitum on an artificial diet adapted for Manduca sexta 

(Bell and Joachim, 1976; Goyret et al., 2009) and were maintained at 24°C on a 

16h:8h light:dark photoperiod in a humidified (ca. 50% RH) incubator. Wandering 

stage larvae were transferred to wooden pupation boxes (Yamamoto et al., 1969). 

Pupae nearing eclosion were sorted by sex and transferred to 33 cm X 33 cm X 60 cm 

screen cages (BioQuip, Inc., Rancho Dominguez, CA, USA), maintained at 24°C with 

a 16h:8h light:dark photoperiod. On the day of eclosion, newly emerged moths were 

allowed several hours to fully expand their wings and expel meconium before being 

weighed to the nearest 1 mg. Individual body weights were recorded and moths were 

assigned to their individual dietary treatments. 

 

Dietary Treatments 

In each experiment the dietary manipulation began immediately on the day of 

adult moth eclosion and continued with daily feeding until the end of the experiment 

or the end of the moth’s natural life. Both male and female moths were assigned to one 

of three treatments: unfed, sucrose only, or a complete nectar mimic that consisted of 
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sucrose with the addition of realistic levels of amino acids (see Table 3.1). A water-

only treatment was not included as it has been previously shown to be similar to the 

unfed condition in this species (von Arx et al., 2013). The sucrose only treatment 

consisted of a 25 % sucrose (w/v) solution, which was chosen to match the sucrose 

concentrations of many hawkmoth pollinated flowers (Raguso et al., 2007). The 

complete nectar mimic was matched in sucrose concentration and was based on the 

nectar composition of the yellow evening primrose Oenothera flava (Table 4.1) , for 

which H. lineata has been recorded as the most abundant floral visitor (Gregory, 

1964). 

 

Treatment Name Female Diet Male Diet 

Unfed unfed unfed 

Female – 25 25 % sucrose unfed 

Female – 25 + AA complete nectar mimic unfed 

Male – 25 unfed 25 % sucrose 

Male – 25 + AA unfed complete nectar mimic 

  

Table 4.1: Dietary treatments used in lifetime fitness and mate-choice 

experiments. 

 

 To ensure consumption of the experimental nectars, moths were individually 

hand-fed once per day. Similar to von Arx et al. (2013), the forewings were held by 

the costal margin in one hand, while an insect pin was used to extend the proboscis 

into an aliquot of the appropriate nectar solution. Daily nectar consumption was held 

constant throughout each experiment, and each feeding consisted of 75 µl of the 

experimental nectar solution. Across all experiments, no feedings were skipped and 



 

95 
 

moths that rejected feeding were presented with the nectar solution repeatedly until 

feeding was complete.  

 

Mate Choice Experiments 

Mate choice experiments were conducted using trios of virgin experimental 

moths consisting of one focal individual and two potential mates of the opposite sex. 

In experiments using a focal male (“Male-Choice”), female moths were randomly 

sorted into pairs on the day of eclosion and housed as pairs in separate 33 cm X 33 cm 

X 60 cm screen cages (BioQuip, Inc., Rancho Dominguez, CA, USA). The fresh mass 

body weight of each female was recorded, and the body weight difference between the 

females was calculated. Pairs of females were maintained for 48 h before the choice 

trials began. At the end of day 2, age-matched focal males were chosen randomly and 

one was introduced to each female pair. Females are receptive to mating in the first 2 h 

after the onset of photophase (Broadhead et al., 2017) and this timing allowed moths 

to recover after disruption before mating the following morning (day 3). Moths were 

observed during the 2 h following the onset of photophase. Successful mating was 

assessed by visual inspection, and the identities of the mating pair were recorded. If 

mating did not occur within the initial 2 h, the cage was inspected again approximately 

4 h later, and if mating still had not occurred the trio remained together for an 

additional day. Inspection continued daily until either mating was observed, or the 

moths failed to mate after four consecutive days and were removed from the 

experiment. The duration of copulation in hawkmoths averages several hours (Woods 

and Stevenson, 1996; von Arx et al., 2013) and it is unlikely that unobserved matings 
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occurred using this monitoring protocol. In mate choice experiments using a focal 

female (“Female-Choice”), the reciprocal experimental protocol was followed (focal 

female introduced to paired males).   

Three diet-based manipulations were used in mate-choice trials. In the unfed 

treatment, the unfed focal individual was presented with a pair of unfed potential 

mates of varying body sizes. In trials using one of the two experimental nectars 

(sucrose only, or the complete nectar mimic) the focal individual remained unfed and 

the diet manipulation was applied to the smaller individual in the pair of potential 

mates. Each treatment was replicated in both male- and female-choice experiments 

(Male-Choice, N = 61, Female-Choice, N= 60).  

Female Longevity, Egg Provisioning, and Lifetime Fitness 

Female longevity, oviposition rates, and lifetime fitness were assessed in five 

experimental treatments replicated evenly (N = 85, n = 17 per treatment). As 

previously, adult moths were assigned to experimental treatments randomly, and 

dietary manipulations began on the day of eclosion after initial body weights were 

recorded. Once again, mating pairs were introduced to the same BioQuip screen cage 

on the evening of day 2 for mating during the morning of day 3. In this experiment, in 

order to standardize life histories, all females included in the experiment mated on the 

same day (day 3) and mating was monitored in the same way as before.  

After mating, males were removed and a cutting of the 4 O’Clock flower, Mirabilis 

jalapa (Nyctaginaceae), was introduced to the cage with the female as a suitable 

oviposition substrate. Female moths were fed and monitored daily to determine if they 
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were alive and if any eggs were laid. When eggs were present, all eggs were collected 

and photographed using a Nikon D3200 digital camera (Nikon USA, Melville, NY). 

After photographing the eggs, a subset of 15 eggs was reserved to assess hatching rate 

(all were reserved if there were fewer than 15 eggs) and the remainder were stored at -

20 ͦ C for analysis of protein content. Digital images of each egg collection (one per 

moth per day) were analyzed in ImageJ (Schneider et al., 2012) using the Cell Counter 

plugin to count egg number. Egg hatching rate was determined as the proportion of 15 

eggs successfully hatching after five days.  

 

Spermatophore Collection and Analysis 

Spermatophores were collected for analysis from males subjected to each of 

the three dietary manipulations (unfed, n = 19; sucrose only, n = 20, complete nectar 

mimic, n = 17). Moths used for spermatophore collections were handled identically to 

those in mate-choice experiments, and were fed daily before being introduced to 

prospective mates on the evening of day 2 post-eclosion. Mating was monitored using 

visual inspection, as before, and at the cessation of mating the female moth was placed 

in - 20 ͦ C and the spermatophore was later removed from the bursa copulatrix. The 

fresh mass (g) of collected spermatophores was recorded, and the spermatophores 

were stored invidually at -20 ͦ C for protein extraction and analysis. Protein was 

extracted using the methods of Bode et al. (2013). After extraction, protein content 

was measured using the Bio-Rad QuickStartTM Bradford Protein Assay, calibrated to 

the bovine γ-globulin standard, and absorbance at 595 nm was measured using the 

Bio-Rad SmartSpec Plus spectrophotometer (Bio-Rad, Hercules, CA, USA).  
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Statistical Analyses 

All analyses were conducted in R (http://www.R-project.org/). Both male- and 

female-choice mating experiments were analyzed using logistic regression with the 

probability of mating with the larger individual as dependent, and weight differences 

between potential mates and dietary treatment as factors.  

In order to exclude potentially unhealthy females, or individuals with failed matings, 

females with a lifetime egg count of fewer than 100 eggs were removed from all 

experiments. Healthy unfed females average approximately 200 eggs (Figure 4.5, see 

also von Arx et al., 2013) and it is likely that females with an egg count of less than 50 

% of the unfed control condition were affected by factors outside of the experiment. 

Survival analyses were conducted using Log Rank test comparisons between 

treatments, as well as Cox proportional hazards regression. Fecundity and lifetime 

fitness were each analysed using the Kruskal-Wallis tests with subsequent pairwise 

comparisons using Wilcoxon rank sum tests. Spermatophore data were analyzed using 

ANOVA with post hoc multiple comparisons using Tukey HSD.  

 

4.4  Results 

 

Mate Choice 

 In male-choice mating trials, logistic regression revealed that male mating 

preferences were significantly affected by female diet (p < 0.01), but were not 

influenced by differences in body size between potential mates (p = 0.16) (Figure 4.1). 
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Post hoc comparisons between dietary treatments showed that males significantly 

preferred females fed a sucrose-only diet or a complete nectar mimic when compared 

with the unfed condition (p = 0.03 and 0.01, respectively).  

 

Figure 4.1: Male mate-choice is affected by female diet, but not female body size.  

 

The effects of a sucrose-only diet were not distinguishably different from those of a 

complete nectar mimic (p = 0.92). Conversely, female-choice trials revealed no 

evidence of female choice, and mating was not significantly affected by differences in 

male body size (p = 0.32) or by adult diet (p = 0.83) (Figure 4.2).  
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Figure 4.2: Female mate-choice preferences are not affected by male diet or body 

size.  

 

Female Longevity 

Adult dietary treatments had a significant effect on female lifespan and 

fecundity. In analyses of longevity, Log-rank tests revealed significant differences in 

female survival in response to dietary treatment (Χ 2 = 67.3, df = 4, p < 0.0001). 

Median survival of unfed females was 12 days, while sucrose fed females or females 

fed a complete nectar mimic had a median survival of 28 and 25 days respectively. 

Females mated to sucrose-fed or complete-nectar-fed males also exhibited a median 

survival of 12 days across both treatments (thus, the dietary history of male mates did 

not impact female survivorship via spermatophore transfer). Further analyses using 

Cox proportional hazards regression analysis did not identify female body size or the 

size of the male as significant factors influencing female longevity (p = 0.14 and 0.73, 
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respectively). However, survival of both sucrose and complete nectar-fed females was 

significantly different from the unfed control females (p < 0.0001 for each). Male 

dietary treatments had no significant effects on the longevity of females with which 

they mated (sucrose-fed males, p = 0.92; complete nectar-fed, p = 0.07). Direct 

pairwise comparison of survival between sucrose- and complete-nectar-fed females 

was not significant (p = 0.46).  

 

 

Figure 4.3: Survival plot of female moths across 5 dietary treatments (described 

in Table 4.1). Unfed control animals (solid line), Male-25 (dot-dashed line), and 

Male-25 +AA (longdash), each had a median survival of 12 days. Sucrose fed females 

(dashed line) and Female-25 +AA treatments survived significantly longer with 

median survival times of 28 and 25 days, respectively.  

 

Female Fecundity and Lifetime Fitness 

Analyses of fecundity revealed significant effects of dietary treatments on total 

egg production (Figure 4.4) (Kruskal-Wallis Χ 2 = 40.166, df = 4, p < 0.0001). Further 
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pairwise comparisons (Wilcoxon rank sum test, Table 4.2), revealed that both female 

dietary treatments resulted in significantly higher egg production than the unfed 

control (sucrose only, p <0.0001, complete nectar, p < 0.0001), while dietary 

manipulations of males did not affect the egg production of their mates (sucrose only, 

p = 0.32, complete nectar, p = 0.81). Both female diets resulted in higher fecundity 

than the unfed control, however the complete nectar diet (with amino acids) resulted in 

in the highest total fecundity when compared with females on the sucrose only diet (p 

= 0.01).  

 

Figure 4.4: Lifetime egg production of females in each dietary treatment. Total 

egg count was significantly higher in females fed sucrose alone or a complete nectar 

mimic, with the complete nectar mimic resulting in the highest egg production overall. 

Male diet manipulations did not enhance female egg production.   
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 Unfed ♀ - 25 ♀ - 25 + AA ♂ - 25 

♀ - 25 < 0.0001 *** - 0 - -  

♀ - 25 + AA < 0.0001 *** < 0.05  - - 

♂ - 25 0.32 < 0.05 < 0.001 -  

♂ - 25 + AA 0.81 < 0.0001 < 0.0001 0.52 

 

Table 4.2: Pairwise comparisons of total egg production of females in each 

experimental treatment.  

 

The measured successful hatch-rate of each female (% viable eggs per day of 

oviposition) was applied to each female’s total clutch of eggs to calculate the total 

number of viable offspring per female – or lifetime fitness (Figure 4.5). Analysis of 

lifetime fitness showed a significant effect of adult diet (Kruskal-Wallis Χ 2 = 27.166, 

df = 4, p < 0.0001). Similar to total egg production, subsequent pairwise comparisons 

of dietary treatments (Wilcoxon rank sum test, Table 4.3) again showed higher 

lifetime fitness for both female diet manipulations compared with the unfed condition 

(sucrose only, p < 0.01, complete nectar, p < 0.001). The mean lifetime fitness of both 

male dietary treatments was intermediate, and not significantly different from the 

unfed control or from females fed a sucrose-only diet. Lifetime fitness of females fed a 

complete nectar mimic (with amino acids) was significantly higher than all other 

treatments.  
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Figure 4.5: Lifetime fitness (egg production corrected by hatching success rate) of 

females in all dietary treatments. Lifetime fitness (total viable offspring) was again 

highest in females fed a complete nectar mimic. Females fed sucrose alone had 

significantly higher fitness than unfed. Male dietary treatments resulted in 

intermediate female fitness.  

 

 

 Unfed ♀ - 25 ♀ - 25 + AA ♂ - 25 

♀ - 25 < 0.01 - - - 

♀ - 25 + AA < 0.001 <0.01 - - 

♂ - 25 0.15 0.26 <0.01 - 

♂ - 25 + AA 0.32 0.08 <0.001 0.6 

 

Table 4.3: Pairwise comparisons of lifetime fitness across each dietary treatment.  

 

Spermatophore size and protein content 

 Analysis of spermatophore mass revealed significant effects of both dietary 

treatment (p < 0.05) and male body mass (p < 0.01). The results of pairwise 
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comparisons between dietary treatments showed that males fed sucrose only or the 

complete nectar both had larger spermatophores than unfed males (p < 0.05 for each), 

however spermatophore size was not significantly different between nectar treatments 

(p = 0.99). Protein content of spermatophores was significantly influenced by both diet 

(p < 0.0001) and spermatophore mass (p < 0.01). As before, the sucrose only and 

complete nectar diets were significantly different from the unfed control (p < 0.001 

and p < 0.01, respectively), but not from each other (p = 0.99). This trend was 

maintained when total protein (mg) was divided by spermatophore mass (mg) (Figure 

4.6).  

 

 

Figure 4.6: Spermatophore protein content. Unfed males produced the least protein 

rich spermatophores in both total protein and the ratio of protein per mg of fresh mass. 

Both sucrose and complete nectar diet resulted in increased protein content.  
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4.5  Discussion 

 

Nectar amino acids affect hawkmoth fitness 

 The results of this study demonstrate that nectar amino acids enhance the 

lifetime fitness but not longevity of female H. lineata. Unlike the Map butterfly, 

Araschnia levana, this fitness benefit occurred without prior nutritional stress during 

earlier life stages (Mevi-Schutz and Erhardt, 2005), suggesting that adult diet may 

have a larger influence on the adult life history of this species. The influence of adult 

diet on life history is further demonstrated by the effect of nectar feeding on mate 

choice, leading to increased fitness for males attending to the nutritional status of their 

prospective mates.  

 

Mate Choice Experiments 

Mate choice in butterflies and moths is frequently addressed in terms of female 

choice (Andersson et al., 2007; Myers, 1972). In these experiments we investigated 

the potential for dietary effects on both male and female mating preferences. Despite 

the expectation that body size, frequently correlated with fecundity (Honek, 1993), 

would influence mate choice, the strongest influence on male mating preferences was 

female diet. Rather than favoring one specific diet, however, male moths appeared to 

differentiate between fed and unfed females, but did not respond differently between 

dietary treatments. Both female dietary treatments did enhance individual lifetime 

fitness (Figures 4.5) and a male responding even to a sucrose-only diet would likely 
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achieve higher lifetime fitness. While sex pheromones and mechanisms for mate 

assessment are unknown in H. lineata, in the noctuid moth Heliothis virescens sex 

pheromone release is dependent on circulating hemolymph trehalose level and sugar 

deprived females produce significantly less pheromone, and are thus less likely to 

attract a mate (Foster and Johnson, 2011). A similar mechanism in H. lineata would 

allow males to assess female quality and benefit from the increased fecundity of well-

fed females. Furthermore, as the presence of amino acids in naturally occurring nectar 

is ubiquitous (Baker and Baker, 1973), it is possible that mate-assessment based on 

sugar status would be sufficient for males to optimize mate choice.  

In the 2-choice mating preference experiments, there was no indication of active 

female choice. However, unlike many other Lepidoptera with more elaborate 

courtship displays, female H. lineata call while stationary (Broadhead et al., 2017) and 

attract prospective mates over long distances. Therefore, despite the apparent lack of 

active choice, it remains possible that male diet affects mating success simply due to 

the distance and energetic costs of flying long distances in search of receptive females.  

Female longevity, fecundity, and lifetime fitness 

 The effects of sucrose consumption on longevity and fecundity in H. lineata 

were previously reported (von Arx et al., 2013), however this study both confirms the 

previous results and extends to include the impact of male nutritional status and nectar 

amino acids. Here, both the sucrose only and complete nectar diets resulted in similar 

longevity (Figure 4.3). Interestingly, the mean survival of females in the unfed 

treatment was identical to that of unfed females mated to males on either diet. 

However, the lifetime fitness of females mated to fed males appeared to be 



 

108 
 

intermediate between the unfed and sucrose-fed female treatments (Figure 4.5). These 

data suggest that female fecundity may be limited by lifespan, and that male dietary 

treatments may indeed have fitness benefits in conditions where female lifespan was 

extended (i.e. sucrose fed females), similar to Pieris butteflies (Watanabe and Ando, 

1993).  

 Despite similar longevity, the complete nectar diet containing amino acids did 

result in a significant fitness increase over female H. lineata fed sucrose alone. These 

data suggest that female moths which learn and forage preferentially for high-amino 

acid nectars (Broadhead and Raguso, unpublished), can receive significant fitness 

benefits.  

 

Spermatophores 

Male dietary manipulations had a significant effect on both spermatophore 

mass and protein content. However, in all analyses, while different from the unfed 

control, the size and composition of spermatophores collected from sucrose fed and 

complete nectar fed males did not differ significantly (Figure 4.6).  As the sucrose-

only diet did not contain amino acids or proteins, this increase in spermatophore 

protein content is likely the result of differential allocation of larval stores rather than 

an increase in the amount of protein available for allocation.  

Intriguingly, a number of studies in the Lepidoptera indicate that many species 

draw on energy stored in the fat body to fuel flight, thereby depleting larval stores 

(Zebe, 1954; Beenakkers, 1969; Beenakkers et al., 1975; Bailey, 1975). Unfed 
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Manduca sexta, too, use stored fat in flight – however it has been suggested that well-

fed animals may use sucrose as fuel in flight rather than depleting stored nutrients 

(Ziegler and Schulz, 1986; Joos, 1987). Furthermore, feeding experiments in the 

hawkmoth Amphion floridensis clearly demonstrate that adult diet significantly affects 

the use of larval stores to fuel flight (O’Brien, 1999). As hawkmoths, including H. 

lineata, are known to have some of the highest recorded metabolic rates in flight 

(Bartholomew and Casey, 1978; Bartholomew et al., 1981), lack of sufficient nutrients 

in the adult diet may place a significant demand on larval stores that would otherwise 

be used for reproduction.  

 

Conclusions 

 Collectively, these results demonstrate that adult diet and nectar composition 

have significant impact on hawkmoth reproduction and longevity even in the absence 

of larval nutritional stress. Furthermore, accurate mate assessment allows male moths 

to benefit from the increased fitness of nutritionally replete mates. This study focuses 

primarily on the direct fitness benefits of amino acid consumption, however the effects 

on male spermatophore protein content suggest additional indirect benefits of nectar 

amino acids.  
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