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Abstract

Juvenile diet can profoundly affect subsequent adult development, morphology and

reproductive investment. Yet, little is known about how juvenile diet affects adult invest-

ment into chemical-based sexual signalling, perhaps due to the historical assumption that

pheromone production is not costly. We explored how juvenile diet influenced the

reproductive investment of adults in the gumleaf skeletonizer moth, Uraba lugens. Juve-

niles were reared on different host plant species (Eucalyptus camaldulensis and Eucalyptus

moorei) and on E. moorei host plants with different fertilizer treatments (fertilized and

non-fertilized). These juvenile diets differ in foliage carbon and nitrogen content. Several

adult life history traits were influenced by juvenile diet, including body size in females,

and longevity in males. However, we found no evidence from Y-maze olfactometer

assays that diet affected the attractiveness of female pheromones to males. Finally, host

plant species affected male pre-copulatory investment: males reared on E. moorei had

longer antennae, but less dense sensilla. Combined, our experiments suggest that the

effects of juvenile diet on investment in reproductive traits, including those associated

with signalling, differ between males and females. Females allocate nutrients to adult

body size, which determines fecundity. In contrast, males allocate nutrients to adult lon-

gevity and antennae size, both of which improve mate search and mating success.
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INTRODUCTION

Communication plays a crucial role in the process of sexual reproduc-

tion, from revealing the location and receptivity of potential mates to

allowing individuals to exercise a choice of mating partner. Sexual

communication may involve several sensory modalities, but chemical

signalling is arguably the earliest and taxonomically most widespread

modality (Symonds & Elgar, 2008). Sex pheromones, typically released

by members of one sex to signal their location to the other sex, may

also reveal the species, sex and sexual receptivity of the signaller and

the attractiveness of the signaller in mate choice (see Johansson &

Jones, 2007). Communication using chemical signals occurs only when

the odorant molecule produced by the signaller binds with specific

odorant receptor proteins located on the sensory organ of the

receiver (Elgar, 2019; Malnic et al., 1999). While this mechanism pre-

dicts minimal within-population variation in chemical signals, it may be

more ‘forgiving’ than originally thought, as within-species variation in

chemical signals has been documented for several insects (Palacio

Cortés et al., 2010; Svensson et al., 1997).

Variation in host plant nutritional quality can have an impact on

adult survival and reproductive output of phytophagous insects

(Moreau et al., 2017). Diet can also affect chemical communication by

either altering the nature of the signal (Henneken et al., 2015;

Henneken & Jones, 2017) or the level of investment in signal
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reception organs (Elgar et al., 2018). The effects of diet on reproduc-

tive traits may differ between the sexes, reflecting different roles as

adults and concomitant investment in signalling and signal perception.

Typically, females produce nutrient-rich or numerous eggs (see

Awmack & Leather, 2002; Bonoan et al., 2015), whereas males invest

in larger testes or spermatophores: both can be costly but may differ

in severity between the sexes (Delisle & Hardy, 1997;

Dewsbury, 1982; McNamara et al., 2009; Svard & Wiklund, 1989;

Wedell et al., 2002). Additionally, investment in signalling and signal

perception is likely to differ between the sexes, with the nature and

direction of that difference depending upon the relative importance

of the different levels of reproductive communication (Elgar

et al., 2018).

The effects of juvenile diet on sex pheromones have been docu-

mented in several insects (Reddy & Guerrero, 2004), including beetles

(Rantala et al., 2003; Xue et al., 2016), cockroaches (Clark et al., 1997),

moths (Conner et al., 1990) and butterflies (Darragh et al., 2019). Dif-

ferent species of host plant can comprise different blends of macro-

nutrients (Mattson, 1980), which may influence the synthesis of sex

pheromones of herbivorous insects (Conner et al., 1990;

Hendry, 1976; Hendry et al., 1975; Landolt & Phillips, 1997; McNeil &

Delisle, 1989; Merli et al., 2018; Reddy & Guerrero, 2004) and thus

their mating preferences (Di et al., 2021; Geiselhardt et al., 2012). Diet

may also affect investment in the chemosensory structures of adult

insects, including the number and type of antennal chemoreceptors

(Bernays & Chapman, 1998; Chapman & Lee, 1991; Elgar et al., 2018;

Rogers & Simpson, 1997; Safonkin et al., 2004; Wool & Hales, 1997).

While it is widely understood that the ratio of different macronu-

trients is crucial in determining larval growth and development

(Behmer, 2009; Simpson & Raubenheimer, 2012), experiments that

fertilize the host plant reveal the effect of nitrogen on the reproduc-

tive traits of both sexes, including female fecundity (Bonoan

et al., 2015) and male spermatophores (Lewis & South, 2012), testes

(Carsten-Conner et al., 2010) and ejaculate traits (Macartney

et al., 2019). The effects of juvenile diet on both male and female

adult traits associated with chemical communication, including invest-

ment in pheromone signals and traits associated with pheromone

detection, have not been explored In the Lepidoptera, despite the

extensive investigations of pheromones in this taxon (Symonds &

Elgar, 2008).

The gumleaf skeletonizer moth, Uraba lugens, is a capital breeding

species, so adult reproductive life-history parameters are determined

by the resources obtained during the juvenile period. U. lugens is phy-

tophagous, feeding on over 103 myrtaceous species, of which the

genus Eucalyptus dominates (Berndt & Allen, 2010). The suitability of

eucalypt host plants for larval development (mortality and develop-

ment time) appears to be correlated with measures associated with

adult performance, including pupal weight and fecundity

(Campbell, 1962). U. lugens is sexually dimorphic: females have filiform

and males bipectinate antennae. Larval density influences investment

in adult reproductive communication traits, including pheromone

attractiveness in females (Ph :am et al., 2021) and antennae and testes

size in males (Johnson et al., 2017a, 2017b).

Here, we explore the consequences of different diets on the adult

reproductive traits of U. lugens, by rearing juveniles on (a) one of two

eucalypt host plant species that apparently differ in nutritional quality

(Bell & William, 1997), and (b) a single host plant species that had or

had not been treated with a commercial fertilizer. Specifically, we

investigate the effects of these different diets on (a) adult female

reproductive output and therefore her attractiveness to males and

(b) adult male pre- and post-copulatory reproductive traits. First, we

confirmed the two host plant species differed in foliage nutrient avail-

ability, reflected in the concentration of nitrogen and carbon. Second,

we examined the effects of juvenile diet on adult body size and adult

longevity. Third, we examined the functional impact of different juve-

nile diets on female pheromonal attractiveness by comparing male

preferences for the odour of females reared on different diets. Finally,

we compared the pre-copulatory (antennae length and sensilla den-

sity) and post-copulatory (testes size) reproductive traits of males

reared on different diets.

MATERIALS AND METHODS

Insect culturing

Clusters of eggs of the Australian gumleaf skeletonizer U. lugens were

collected from several locations in Melbourne, Victoria, and trans-

ferred to the laboratory where they were maintained in plastic con-

tainers (1 L, one egg cluster per container) in an incubator (15 L:9D

light conditions at 22.5�C and approximately 70% humidity) until they

hatched. The larvae were then housed in plastic containers (1 L), sup-

plied with fresh, mature leaves of Eucalyptus spp. that were replaced

every 2 days, until they reached third instar. Thus, all individuals used

in the following experiments were ‘wild’ caught.

Host plant stock

We obtained two species of host plants, Eucalyptus camaldulensis and

Eucalyptus moorei from Kuranga Native Nursery, Victoria, which were

maintained in 110 L plastic pots (Reko) in a large glass house facility

(School of BioSciences, The University of Melbourne). The choice of

species reflected their reported differences in nutritional quality

(Bell & William, 1997) and commercial availability. Individual plants

were watered once or twice per week and fertilized once per

6 months with a commercial slow-release fertilizer. We conducted

two separate experiments (see below) with plants that were less than

2 years old: we used 15 plants of E. camaldulensis and 47 plants of

E. moorei (no plants were used in both experiments).

Host plant species effects

In the first experiment, second and third instar larvae from the same

egg cluster were allocated evenly between the potted plants of
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E. moorei (N = 15 plants) and E. camaldulensis (N = 15 plants), which

were watered every week. Analysis of the foliage nutrients of the two

species (see Supplementary Material) revealed that the nitrogen con-

tent (per mg of leaf dry mass) in the leaf samples did not differ

between the two species, but the carbon content was significantly

higher in the leaves of E. moorei than in those of E. camaldulensis

(Figure S1).

Larvae that reached the 7th instar (identified by the presence of

three head-capsules) were then transferred to small plastic containers

(1 L, 10 individuals per container) and maintained in the incubator as

above. These larvae were fed with the leaves of their treatment host

plant species until pupation. The pupae were transferred to individual

vials (40 � 60 mm, 120 mL), where the adult moths eclosed.

Fertilizer treatment effects

In a second, separate experiment, second and third instar larvae were

raised on potted plants of E. moorei that had been allocated to one of

two treatments: non-fertilized (water only, N = 17 plants) or fertilized

fortnightly with a commercial Aquasol soluble fertilizer (with a N:P:K

ratio of 23:3.95:14), with 9 g in 4.5 litres of water (N = 15 plants).

Analysis of the foliage nutrients of fertilized and non-fertilized plants

revealed that the nitrogen content present in the leaf sample was sig-

nificantly higher in fertilized than in non-fertilized leaves (Figure S2),

but the carbon content was not affected by the fertilizer treatment.

Larvae that reached the 7th instar were transferred to small plas-

tic containers and maintained in incubators as above. The larvae were

fed with the leaves of their treatment host plant until pupation. Pupae

were then transferred to individual vials (40 � 60 mm, 120 mL),

where the adult moths eclosed.

Juvenile diet and adult longevity and morphology

We assessed the impact of juvenile diet on body size and longevity,

by collecting a male and female representative of each experimental

treatment host plant on the day they eclosed. Sample sizes for the

host plant treatments were 30 males and 37 females from E. moorei;

25 males and 29 females from E. camaldulensis; and for the fertilizer

treatments, 30 males and 56 females from the fertilized treatment;

and 32 males and 19 females from the non-fertilized treatment.

Adults were housed individually in a vial (40 � 60 mm, 120 mL) and

observed daily until they died. Deceased individuals were preserved

in ethanol (70%). Wing length was used as an index of body size: the

left forewing of each individual was cut as close as possible to

the base and dipped in bleach for 30 s to remove the scales. Wings

were laid flat between two coverslips and digital images were

obtained at 2400 dpi resolution using an Epson Perfection V800 scan-

ner. The length of the second-most posterior vein was measured from

its point of insertion with the thorax to its termination at the distal

edge of the forewing, using ImageJ software (Schneider et al., 2012).

Juvenile diet and adult female attractiveness

We assessed whether juvenile diet affects the attractiveness of adult

female pheromones to males by using a Y-maze olfactometer. This

allowed us to compare the male responses to the pheromones pro-

duced by females reared on the different paired diets: different host

plant species (E. camaldulensis vs. E. moorei) and different fertilized

treated host plant (non-fertilized and fertilized E. moorei). The pairs of

‘calling’ females were each ≤48 h post-eclosion and were matched for

body weight (mean ± standard error body weight difference = 4.34

± 0.67 mg in different host plant species and 5.35 ± 0.43 mg in differ-

ent fertilizer treatments).

We used a Y-maze olfactometer to evaluate male preferences for

females raised on different diets. The Y-maze of the olfactometer

comprised a 2 cm diameter Y-tube with 10 cm arms and base. The

arms were connected by a narrow tube to a container with a calling

female, and a standardized, continuous air flow passed through each

of the containers with a calling female and on to the arms of the

Y-maze and hence to the base, where the male is released (Ph :am

et al., 2020, 2021, 2022). A single female raised on one diet was

placed in one container and a female from the complementary diet

was placed in the other container, and both were left to acclimate for

1 h. The containers were separated from the arms of the Y-maze with

a fine mesh, preventing any visual and tactile communication. Once

both females had commenced calling, a virgin male from the stock

population (≤ 36 h post-eclosion, reared at an intermediate population

density of 5–10 larvae/container with various Eucalyptus leaves col-

lected from parks) was introduced at the base of the Y-maze. The

male was deemed to have responded when he either walked or flew

towards the airflow, travelling at least 5 cm into one of the arms of

the Y-maze and remaining there for more than 1 min. Trials in which

the male failed to move within 30 min or moved up one of the arms in

less than 10 s after being introduced were discarded and a new trial

initiated with another male. The trial lasted 60 min. Each male was

used once only, and pairs of females were used for two trials only

(with females never occupying the same arm of the olfactometer

twice). The olfactometer apparatus was washed with soap and water

and dried after each trial. The position of the low- and high-density

females was alternated each trial to remove positional effects. The tri-

als were conducted during the middle of the scotophase, when moths

are most active (Ph :am et al., 2021).

Juvenile diet and male reproductive investment

We examined the effect of juvenile diet on male pre- and post-

copulatory reproductive investment by measuring both antennal mor-

phology and testes size. Adult males from each treatment were killed

two-days following adult eclosion (when the testes are fully devel-

oped) and stored in 70% ethanol until required.

The left antenna of each male (N = 15 raised on E. camaldulensis

and N = 16 raised on E. moorei) was removed using micro-scissors

DIET-DEPENDENT REPRODUCTIVE INVESTMENT 3
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and gently placed on a two-sided carbon sticky table (12.0 mm diame-

ter, Proscitech) and mounted on an electron microscopy stub

(12.6 mm diameter, Proscitech). The antennae were imaged with low-

vacuum uncoated scanning electron microscopy (SEM) on a FEI

Quanta 200F scanning electron microscope at the Bio21 Advanced

Microscopy Facility (Bio21 Institute, The University of Melbourne,

Australia). For all specimens, a spot size of 2.0 and pressure of

0.80 mbar were used, with a high voltage of 10.0 kV. These SEM

images were used to measure sensilla density, the length of the anten-

nae (from tip to scape) and the total number of flagellomeres. These

measurements were obtained using ImageJ software (Schneider

et al., 2012).

Following Hansson (1995), six types of sensilla were detected on

the antennae of the males, based on their external morphology, and

included sensilla trichodea, basiconica, coeloconica, auriculate, chae-

tica and styloconica (Figure 1). Sensilla trichodea is the dominant type

of sensilla in all flagellomeres of the male antenna and was the only

type found in the antennal branches. These sensilla are biologically

significant for our experiments: sensilla trichodea have numerous

pores and their main sensory channel is thought to be olfactory, and

they have been implicated in mate search in tortricid moths

(Triseleva & Safonkin, 2006). Accordingly, we measured the density of

trichodea only, and for convenience, refer to this as sensilla density.

The average sensilla density (μm2) for each male, based on the density

of trichodea sensilla of three flagellomeres (1st, 15th and 35th from

the antennal tip), was calculated by dividing the total number of tri-

chodea sensilla observed in those three flagellomeres by the total visi-

ble area of those flagellomeres.

Each male was dissected to obtain a measure of testes size. The

testes comprise a fused spherical organ located in the 6th–9th

abdominal segment (Johnson et al., 2017a). The testes were removed

with micro-scissors and placed on a slide. The testes were then

imaged immediately (to avoid desiccation) with a Sony camera

(ILCE-QX1) under an Olympus microscope (SZX16) at � 5 magnifica-

tion. The area of the testes was measured using the outline tool in

ImageJ (Schneider et al., 2012). Wing length was used as an index of

body size and measured as above.

Statistical analysis

All statistical analyses were conducted in R and R studio, version 3.5.2

(R_Core_Team, 2018). We explored the impact of juvenile diet on

male and female body size and longevity using general linear models,

with a diet by sex interaction term. For the analysis of supplementary

fertilizer on longevity, there were two male outliers. These were more

than four standard deviations from the mean, and once removed, the

data could be transformed such that the model residuals were nor-

mally distributed.

We investigated the impact of juvenile diet on the reproductive

investment of adult males (antennae length, number of flagellomeres,

density of sensilla and testes size) with general linear models that

included wing length and a diet by wing length interaction term. For

analysis of host plant species, we used relative male wing length (cal-

culated as mean treatment wing length/standard deviation treatment

wing length), as male wing length was significantly affected by host

plant nutrition, and therefore colinear with diet treatment.

For all models containing interaction terms, non-significant inter-

actions were removed from the final models (Engqvist, 2005). For all

general linear models, we optimally power transformed all dependent

variables to maximize normality of model residuals, and the exponents

used were noted with every analysis. Tukey HSD post-hoc tests were

used to test for statistical differences between treatment levels.

RESULTS

Juvenile diet, adult morphology and longevity

Eucalypt host plant species

The variation in adult wing length (raised to the exponent 2.08) was

explained by the host plant species by adult sex interaction term

(F1,117 = 11.27, p = 0.001; Figure 2a). Post-hoc tests revealed that

females were larger than males, and individuals raised on E. moorei

were significantly larger than those raised on E. camaldulensis. The

interaction term reflects the greater effect of diet on wing length for

females than for males. The variation in adult longevity (raised to the

F I GU R E 1 Representative SEM image highlighting different types
of sensilla located on the ventral side of one segment: the long sensilla,
trichodea sensilla (Tr), were the dominant types of sensilla; basiconica
sensilla (Bs) are similar to Tr, but larger and much longer; auricillica
sensilla (Au) have a flat shape and are wide at the base; coeloconia
sensilla (Co) have a grooved peg surrounded by 12–16 spines; and
styloconica sensilla (St) are peg‐like, set on top of a conical cuticular style
found at the distal margin of each flagellomere. Chaetica sensilla (not
visible in the image) are similar to Tr but the basal socket is different.

4 PH :aM ET AL.
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exponent 1.2) was explained by the host plant species by adult sex

interaction term (F1,117 = 8.12, p = 0.005; Figure 2b). Post-hoc tests

revealed that host plant species did not affect female longevity, but

that males lived longer than females and that males raised on

E. camaldulensis lived longer than males raised on E. moorei.

Fertilizer treatment

The variation in adult wing length (raised to the exponent 1.12) was

explained by a significant fertilizer treatment by adult sex interaction

term (F1,131 = 7.69, p = 0.006; Figure 3a). Post-hoc tests revealed

that females fed on fertilizer-treated plants were significantly larger

than females fed on non-fertilizer-treated plants, but this was not the

case for males. Adult longevity (raised to the exponent 0.64) was

affected by fertilizer treatment (F1,130 = 6.99, β = �0.34 ± 0.13,

p = 0.009; Figure 3) and sex (F1,130 = 18.60, β = 0.54 ± 0.12,

p < 0.001; Figure 3b). Post-hoc tests revealed that individuals fed on

fertilizer-treated plants lived significantly longer than individuals fed

on non-fertilizer-treated plants, and those males lived longer than

females. A non-significant interaction between fertilizer treatment

and sex (F1,129 = 0.33, p < 0.57) was removed from the final model.

Juvenile diet and female attractiveness

The Y-maze olfactometer choice tests revealed that when males were

given a choice between the odour from females reared on a diet of

either E. camaldulensis or E. moorei leaves (mean ± standard error body

weight difference = 4.34 ± 0.67 mg), 19 males (from 23 trials) made a

valid choice, but there was no consistent preference for the phero-

mones produced by females raised on either diet

(E. camaldulensis = 8; E. moorei = 11; χ 2 = 0.47, p = 0.49). When

males were given a choice between females reared on a diet of either

fertilized or non-fertilized E. moorei plants (mean ± standard error

body weight difference = 5.35 ± 0.43 mg), 23 males (from 28 trials)

made a valid choice, but there was no consistent preference for the

pheromones produced by females reared on either diet (fertilized

plant = 15; non-fertilized plant = 8; χ2 = 2.13, p = 0.14).

F I G U R E 3 (a) Adult longevity (days) and (b) wing length (mm) of
males and females reared on fertilized and non‐fertilized treated
Eucalyptus moorei.

F I GU R E 2 (a) Longevity (days) and (b) wing length (mm) of male

and females reared on Eucalyptus camaldulensis and Eucalyptus moorei
host plants. The box contains the interquartile range, with the median
as a single line and x indicates the mean.

DIET-DEPENDENT REPRODUCTIVE INVESTMENT 5
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Juvenile diet and male reproductive investment

Eucalypt host plant species

The length of antennae (raised to the exponent 0.04) of males raised

on E. moorei was longer than that of males raised on E. camaldulensis

(F1,27 = 14.89, β = 4.27e-05 ± 2.07e-05, p = 0.048; Figure 4a), but

was not affected by the relative wing length of the male (F1,27 = 2.90,

β = 6.13e-08 ± 1.06e-05, p = 0.99). A non-significant host plant spe-

cies by relative wing length interaction term (F1,26 = 0.02, p = 0.87)

was removed from the final model. The number of flagellomeres

(raised to the exponent 3.44) was not affected by either host plant

diet (mean ± standard error number of flagellomeres:

E. moorei = 48.8 ± 0.6; E. camaldulensis = 49.0 ± 0.6; F1,27 = 0.04,

β = �11,081 ± 37,296, p = 0.77) or relative wing length (F1,27 = 0.51,

β = 15,127 ± 19,260, p = 0.44). A non-significant host plant species

by relative wing length interaction term (F1,26 = 0.17, p = 0.68) was

removed from the final model. The density of antennal sensilla (raised

to the exponent 1.52) was greater for males raised on E. camaldulensis

than for males raised on E. moorei (F1,27 = 4.27, β = �4.28e-05

± 2.07e-05, p = 0.048, Figure 4b), but was not affected by the relative

wing length of the male (F1,27 = 0.00, p = 0.99). A non-significant

host plant species by relative wing length interaction term

(F1,26 = 0.03, p = 0.87) was removed from the final model.

The variation in testes size (raised to the exponent 0.04) was not

explained by the host plant diet (mean ± standard error testes size

(mm2): E. moorei = 0.25 ± 0.01; E. camaldulensis = 0.23 ± 0.01;

F1,27 = 2.14, β = 0.004 ± 0.003, p = 0.15), but increased with male

relative wing length (F1,27 = 4.55, p = 0.04). A non-significant host

plant species by relative wing length interaction term (F1,26 = 1.95,

p = 0.17) was removed from the final model.

Fertilizer treatment

The length of antennae (raised to the exponent 0.04) was not affected

by the host plant fertilizer treatment (mean ± standard error antennal

length (mm): fertilized = 5.5 ± 0.1; non-fertilized = 5.5 ± 0.1;

F1,34 = 0.01, β = 6.33e-05 ± 5.79e-04, p = 0.91), but was positively

correlated with wing length (F1,34 = 16.34, β = 3.65e-03 ± 9.02e-04,

p = 0.0002). A non-significant fertilizer status by wing length interac-

tion term (F1,33 = 1.74, p = 0.19) was removed from the final model.

Similarly, the number of flagellomeres (raised to the exponent

0.04) was not affected by the host plant fertilizer treatment (mean

± standard error number of flagellomeres: fertilized = 44.2 ± 0.7;

non-fertilized = 44.3 ± 0.5; F1,34 = 0.01, β = 1.20e-04 ± 9.80e-04,

p = 0.90) or wing length (F1,34 = 0.12, β = �5.45e-04 ± 1.54e-03,

p = 0.72). A non-significant fertilizer status by wing length interaction

term (F1,33 = 1.00, p = 0.32) was removed from the final model.

The density of antennal sensilla (raised to the exponent 0.04) was

not affected by the host plant fertilizer treatment (F1,34 = 0.92,

β = �1.32e-03 ± 1.37e-03, p = 0.34) or the relative male wing length

(F1,34 = 0.19, β = 9.35–04 ± 2.13–03, p = 0.66). A non-significant

host plant species � wing length interaction term (F1,33 = 0.00,

p = 0.97) was removed from the final model.

Finally, testes size (raised to the exponent 0.04) was not affected

by the host plant fertilizer treatment (mean ± standard error testes

size (mm2): fertilized = 0.27 ± 0.01; non-fertilized = 0.30 ± 0.02;

F1,33 = 0.62, β = 2.91e-03 ± 3.68e-03, p = 0.43) or relative male

wing length (F1,33 = 0.19, β = �2.62e-03 ± 5.99e-03, p = 0.66). A

non-significant fertilizer status by wing length interaction term

(F1,32 = 0.00, p = 0.94) was removed from the final model.

DISCUSSION

Adult life-history and reproductive traits in the capital breeding, gum-

leaf skeletonizer moth, U. lugens, are affected by juvenile diet. Our

experiments reveal how differences in larval diet, reflected by feeding

on different species of host plants or experimentally fertilized host

plants, have different consequences for adult males and females. In

general, diet influenced female fecundity through differences in adult

size, while diet influenced male longevity and thus their capacity to
F I GU R E 4 (a) Male antennal length and (b) sensilla density for males
reared on Eucalyptus camaldulensis and Eucalyptus moorei host plants.
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detect and locate reproductive partners. Data from our foliage analy-

sis suggest that adult females were larger if they had been reared on

host plants with greater nitrogen and carbon content, but we found

little evidence that this translated into differences in pheromone

attractiveness. Foliage analysis also indicates that male traits were

influenced by host plant species, but not by enhancing nitrogen con-

tent: the host plant species with a greater level of carbon content

resulted in a shorter lifespan, but longer antennal length. While juve-

nile diet can have profound effects on male testes size in insects

(Svard & Wiklund, 1989), and in some cases, creates a trade-off

between pre-and post-copulatory traits (Durrant et al., 2016;

Simmons & Emlen, 2006), the testes size in U. lugens did not differ

between host plant species or between host plants that varied in

nitrogen content.

While the foliage analyses revealed variation in N leaf content,

this may not necessarily translate into differences in the quantity of

nitrogen the foraging insect can ingest, especially in those plants that

are rich in tannins, such as Eucalyptus (Wallis et al., 2010). We were

unable to measure tannins, and thus reveal their role in causing differ-

ences in the life history traits of U. lugens raised on different host

plant species, although we note that inter-specific studies across

eucalypt genera reveal that measures of available nitrogen are corre-

lated with measures of total nitrogen (Wallis et al., 2010).

The influence of juvenile diet on the adult reproductive traits of

female U. lugens is broadly consistent with previous studies revealing

how juvenile diet influences female size and thus fecundity

(Awmack & Leather, 2002; Bonoan et al., 2015; Garcia-Barros, 2000).

For example, female tortricid moths, Choristoneura rosaceana, reared

on a nutritious diet were larger and hence laid more eggs

(Carrière, 1992), while female larvae of the Melissa blue butterfly,

Lycaeides melissa, that fed on a poor-quality host plant eclosed as

smaller adults and were neglected by males (Forister & Scholl, 2012).

In contrast, diet did not have a consistent influence on adult male

traits in U. lugens: antennal size, sensilla density and longevity differed

for individuals raised on different host plant species, but host plant

species did not affect post-copulatory investment. The latter is not

consistent with other species, where males may allocate more

resources towards testes or ejaculates. For example, males of the

European grapevine moth, Lobesia botrana fed on a high-quality host

plant were larger and transferred larger spermatophores (Muller

et al., 2015). Similarly, walnut flies Rhagoletis juglandis reared on a rich

nutrient diet had larger testes and larger ejaculates (Carsten-Conner

et al., 2010). Interestingly, the absence of a treatment effect on male

testes size in this study is consistent with the absence of a change in

male testes investment in response to resource stressors, via an

immune challenge (Ph :am et al., 2022).

There is increasing evidence that sex pheromones are affected

both qualitatively and quantitatively by larval diet, and thus can act as

‘honest’ signals to attract mates (Henneken et al., 2015; Henneken

et al., 2017; Henneken & Jones, 2017). We anticipated that females

reared on a diet rich in nitrogen or carbon would emit more attractive

pheromones: for example, a male may benefit from mating with

females reared on a high-quality, nitrogen-rich diet because they may

produce more, and better nourished eggs (Xie et al., 2015). Surpris-

ingly, our experiments provided no support for this prediction.

There are several explanations why males showed no preference

between females raised on different Eucalyptus host plant species,

despite the inter-specific differences in carbon content. First, the sex

pheromones emitted by females reared on these two species of Euca-

lyptus host plant do not differ, despite the difference in carbon con-

tent affecting female body size. Perhaps the leaves of both

E. camaldulensis and E. moorei have sufficient carbon content to

ensure the larvae can sequester the specific precursors to synthesize

a similarly attractive pheromone. Previous studies indicate that both

species of Eucalyptus are high-quality host plants for U. lugens, with

relatively low mortality rates, short development times and heavier

pupae (Cobbinah, 1983; Cobbinah, 1985; Cobbinah et al., 1982). It

would be interesting to compare the attractiveness of pheromones

produced by females reared on host plants of more substantial differ-

ences in quality. Finally, the sex pheromones produced by females

reared on these different host plant species may differ, but there may

be no clear benefits to males that prefer females reared on one host-

plant species over another: larvae reared on E. moorei develop into

larger adults with a shorter lifespan, while larvae reared on

E. camaldulensis develop into smaller adults with a longer lifespan. It is

possible that males can distinguish between the pheromones pro-

duced by females reared on different host plants, but their prefer-

ences for one over the other are context dependent.

Juvenile diet affects male longevity, and thus time spent mate-

searching, but not consistently across the different diets. The positive cor-

relation between nitrogen content and longevity is not consistent with

studies of other insects that report negative effects of nitrogen-rich diets

(Kurze et al., 2018; Zhu et al., 2019). The geometric framework for nutri-

tion (Simpson & Raubenheimer, 2012) may help explain the negative cor-

relation between adult male longevity and carbon content in the juvenile

diet. This framework assumes that animals require a particular mixture of

nutrients during their life, and an imbalance between an individual’s intake

target and the nutrient content of its food may not necessarily result in

improved performance (Behmer, 2009; Raubenheimer & Simpson, 1993):

in this case, the diet incorporated a higher carbon content without a com-

pensating higher nitrogen content. Further, high nutrient content diets

may reduce insect performance by affecting specific physiological pro-

cesses, such as increasing the metabolic costs of storing and excreting

excess nutrients (Anderson et al., 2005; Boersma & Elser, 2006). Thus,

‘digestive efficiency’ may decline with increasing nutrient content

(Raubenheimer & Simpson, 1993).

There is accumulating evidence that both natural and sexual

selection pressures may act on antennae size and the number of sen-

silla that are important for chemical communication (Chapman, 1982;

Elgar et al., 2018; Elgar et al., 2019). Sexual selection is thought to

favour males with highly efficient chemical receptor organs, such as

longer or more complex antennae that support more sensilla, as this

will improve their chances of securing matings (Elgar et al., 2019).

Field experiments revealed that male U. lugens with longer antennae

were better able to locate solitary, younger females (Johnson

et al., 2017b), who may have greater reproductive value (Foster &

DIET-DEPENDENT REPRODUCTIVE INVESTMENT 7
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Howard, 1999; Xu & Wang, 2009). Laboratory experiments revealed

that male neriid flies, Telostylinus angusticollis, that have relatively lon-

ger antennae (similar body size) were more likely to win male–male

competitive interactions and achieved matings more quickly (Fricke

et al., 2015). Studies of several insects have also demonstrated the

effects of host plants on the number and density of antennal sensilla

(Bernays & Chapman, 1998; Chapman, 2002; Chapman & Lee, 1991;

Rogers & Simpson, 1997). Males of U. lugens that were reared on

carbon-rich E. moorei had longer antennae but lower sensilla density

than males reared on E. camaldulensis. This suggests that while a diet

with a higher carbon content allows males to increase the size of their

antennae, the costs of the underlying neural networks (Niven &

Laughlin, 2008; Stöckl et al., 2016) may prevent investment in larger

numbers of sensilla. Whether antennal length per se or the number of

sensilla are more important in determining male chemical detection

capacity remains unknown.

Our experiments reveal that juvenile diet has sex-specific effects

on adult traits associated with reproduction in U. lugens. Investment in

adult male, but not female, sensory organs, including the length of

antennae and density of olfactory sensilla, was affected by host plant

species, although these traits did not differ in the host plant fertiliza-

tion experiment. We found no evidence that juvenile diet affected the

attractiveness of female sex pheromones, but there were sex-specific

effects on adult body size and longevity. These differences likely arise

through the importance of these adult traits for reproductive success

and the consequential sex differences in nutritional requirements. Fur-

ther experiments are required to tease apart these effects.
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