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Sex-differences in nutrient intake can reduce the potential for sexual conflict over 8 

fitness maximisation by female and male crickets 9 

Abstract 10 

As females and males have different roles in reproduction, they are expected to require 11 

different nutrients for the expression of reproductive traits. However, due to their shared 12 

genome, both sexes may be constrained in the regulation of nutrient intake that maximises 13 

sex specific fitness. Here, we used the Geometric Framework for nutrition to examine the 14 

effect of macronutrient and micronutrient intakes on lifespan, fecundity, and cuticular 15 

hydrocarbons (CHCs) that signal mate quality to prospective mates in female field crickets, 16 

Teleogryllus oceanicus. In addition, we contrasted nutritional effects on life-history traits 17 

between males and females to determine how sex differences influence nutrient regulation. 18 

We found that carbohydrate intake maximised female lifespan and protein intake influenced 19 

CHC expression, while early life fecundity (cumulative fecundity at Day 21) and lifetime 20 

fecundity were dependent on both macronutrient and micronutrient intakes. Fecundity 21 

required different nutrient blends to those required to optimise sperm viability in males, 22 

generating the potential for sexual conflict over macronutrient intake. The regulation of 23 

protein (P) and carbohydrate (C) intakes by virgin and mated females initially matched that of 24 

males, but females adjusted their intake to a higher P:C ratio, 1P:2C, that maximised 25 

fecundity as they aged. This suggests that a sex-specific, age-dependent change in intake 26 

target for sexually mature females, regardless of their mating status, adjusts protein 27 

consumption in preparation for oviposition. Sex differences in the regulation of nutrient 28 

intake to optimise critical reproductive traits in female and male T. oceanicus, provides an 29 
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example of how sexual conflict over nutrition can shape differences in foraging between the 30 

sexes. 31 

Keywords  32 

cuticular hydrocarbons, fecundity, Geometric Framework for nutrition, lifespan, 33 

macronutrients, Teleogryllus oceanicus 34 

Introduction 35 

The acquisition of specific nutrients and their allocation to life history traits at different 36 

developmental stages can influence the fitness of an organism (Pyke et al., 1977; Simpson & 37 

Raubenheimer, 2012). Animals are known to regulate their nutrient intakes because different 38 

nutrients play distinct roles in survival and reproduction (Simpson et al., 2004; Simpson & 39 

Raubenheimer, 2012). For example, carbohydrate serves mainly as an energy source and 40 

protein provides the amino acids that are assembled into structural tissues (Galgani & 41 

Ravussin, 2008). While needed only in small amounts, micronutrients (vitamins and minerals) 42 

are also indispensable for cellular and organismal functions (Rivera-Perez et al., 2017). 43 

The Geometric Framework for nutrition has been used to integrate the intake of specific 44 

nutrients with the expression of various life history traits; specifically, axes assigned to 45 

relevant nutrients define a nutrient space where the dietary intakes and the trait performance 46 

superimpose, providing a graphical representation of nutritional causes and consequences for 47 

biological systems (Simpson & Raubenheimer, 2012). The Framework has been utilised 48 

successfully to disentangle the effects of specific macronutrients and caloric content, and 49 

demonstrate how macronutrients influence life history trade-offs (Maklakov et al., 2008; Ng 50 

et al., 2018; Rapkin et al., 2018a). For example, in many species, lifespan is shown to be 51 

maximised on high intake of low protein:carbohydrate (P:C) diets, which indicates that the 52 

ratio of macronutrients in the diet plays a more crucial role in extending lifespan under ad 53 

libitum feeding conditions than caloric restriction (Lee et al., 2008; Fanson et al., 2009; 54 

Solon-Biet et al., 2014; Le Couteur et al., 2016). 55 

Sexual dimorphism of life history traits is well documented in animals, where males and 56 

females can vary considerably in traits such as adult body size (reviewed in Stillwell et al., 57 

2010), immune function (Nunn et al., 2009) and lifespan (Bonduriansky et al., 2008; 58 

Duxbury et al., 2017; Marais et al., 2018). One of the main drivers of sexual dimorphism in 59 

dioecious species is the sex-specific roles in reproduction. In contrast to male allocation of 60 
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resources to traits that provide immediate access to mates when in competition with rivals 61 

(Bonduriansky et al., 2008; Simmons et al., 2017), females typically invest more into each 62 

offspring as they produce a limited number of nutrient-rich eggs. Female reproductive 63 

success is therefore expected to be enhanced by spreading reproductive output over a longer 64 

lifespan due to the high demands for resources inherent in offspring production 65 

(Bonduriansky et al., 2008). As a result, the disparities in reproductive strategies between the 66 

sexes can result in sex-specific requirements for nutrients in their diets. For example, female 67 

reproduction is often maximised on higher protein diets required for egg production, while 68 

males perform better on high carbohydrate diets (for example, required for calling effort in 69 

male crickets; Maklakov et al., 2008; Rapkin et al., 2017a; Ng et al., 2018). Moreover, recent 70 

studies suggest that each sex can seek its own optimal target of nutrient intake (Harrison et al., 71 

2014; Rho & Lee, 2016; Rapkin et al., 2017a). 72 

Crickets have emerged as a model animal for studying the effects of nutrients on life history 73 

traits and their trade-offs, as males and females possess multiple distinct traits that are 74 

maximised by different types of nutrients (Maklakov et al., 2008; Harrison et al., 2014; 75 

Archer et al., 2015; Rapkin et al., 2017b; Rapkin et al., 2018b). We have previously 76 

demonstrated a trade-off between pre- and postmating sexual traits driven by nutritional 77 

intake in male Teleogryllus oceanicus (Ng et al., 2018). Male fertility was found to be 78 

maximised by low protein diets (Ng et al., 2018). However, previous studies have shown that 79 

female fecundity is maximised by high protein diets (Lee et al., 2008; Maklakov et al., 2008; 80 

Fanson et al., 2009), generating the potential for sexual conflict over macronutrient intake. 81 

Moreover, it is currently unclear how the balance of macronutrient and caloric intake 82 

influence other female life history traits. For example, Rapkin et al. (2017b) and Ng et al. 83 

(2018) have demonstrated how macronutrients influence the expression of cuticular 84 

hydrocarbons (CHCs) in male crickets, but their effects on female CHCs are unknown. As the 85 

CHCs are sexually dimorphic in T. oceanicus and play important roles in sex recognition and 86 

mate choice for both sexes (Thomas & Simmons, 2008; 2010; Berson & Simmons, 2019), the 87 

expression of CHCs could also be influenced by nutrients in a sex-specific manner. 88 

Here we use the Geometric Framework to examine the interactions of macronutrients and 89 

micronutrients with life history traits of female T. oceanicus. We then compare our data with 90 

those for male T. oceanicus provided in Ng et al. (2018). In so doing we provide evidence of 91 

sex-specific macronutrient intakes that can ameliorate sexual conflict over fitness 92 

maximisation by female and male crickets.  93 
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Materials and methods 94 

Experimental animals and diet treatments 95 

Crickets used in this study originated from Carnarvon in North-Western Australia, and were 96 

kept as a large outbreeding population (>1000 individuals) in the laboratory. The population 97 

has been maintained in the laboratory for over 10 years, and is refreshed annually with c.30-98 

50 field collected crickets. The population is maintained at 26 °C under a 12-h light: 12-h 99 

dark cycle and fed cat chow (Purina Friskies; 30% protein, 10% fats) as the routine diet. 100 

Experimental crickets were drawn from the laboratory population at 8th instar when sex 101 

could first be determined, and restricted to chemically defined diets. Crickets were isolated in 102 

plastic containers (7 × 7 × 5 cm) and were checked daily for newly eclosed adults, which 103 

were weighed and their pronotum width measured before they were assigned to one of the 104 

dietary treatments.  105 

The experiment was conducted simultaneously with the dietary manipulation of male crickets 106 

reported in Ng et al. (2018), using the same chemically defined diets and feeding protocols. 107 

Briefly, we assigned 8-10 females to one of twenty-four chemically defined diets that 108 

contained one of six protein (P) to carbohydrate (C) ratios (5P:1C, 3P:1C, 1P:1C, 1P:3C, 109 

1P:5C, 1P:8C) with four macronutrient (P+C) concentrations (12%, 36%, 60%, 84%) for 110 

each ratio (Table S1). Fresh food was supplied every three days. As the concentration of 111 

micronutrients (M) was fixed in all diets, crickets that exhibited compensatory feeding on the 112 

more diluted diets also acquired more micronutrients (Ng et al., 2018). Females were mated 113 

twice weekly from Day 7 adult age and the intake of protein, carbohydrate and micronutrients 114 

were monitored to examine how different intakes of nutrients affected the expression of life 115 

history traits (lifespan, fecundity and cuticular hydrocarbons (CHCs)). Because 116 

micronutrients were present at a fixed concentration in all diets, compensatory feeding for 117 

changes in macronutrient (protein and carbohydrate) concentrations due to dilution with 118 

cellulose resulted in variation in micronutrient intakes. This allowed potential impacts of 119 

micronutrients on response variables to be separated from those due to differing intakes of 120 

protein and carbohydrate.  However, because micronutrient intake covaried completely with 121 

total food intake, it was not possible to attribute effects to micronutrients per se, rather than 122 

some other correlate of total food intake.  123 

In a separate sample of crickets, we also determined whether females could regulate their 124 

protein and carbohydrate intake when given a choice. Both virgin (n=18) and mated (n=8; 125 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

This article is protected by copyright. All rights reserved 

twice weekly from Day 7 adult age) females were given two types of chemically defined 126 

diets that contained either protein or carbohydrate as the source of macronutrient, at a 127 

concentration of 42%. Food was changed every three days for the first nine days after adult 128 

eclosion, and every four days thereafter until Day 29 adult age.  129 

To measure dietary intake, food was dried in an oven stocked with packets of silica gel 130 

desiccant at 30°C for 24 hours before being supplied to the crickets, and again after it was 131 

removed. The dry weight of consumed diet was converted to amount of macronutrient and 132 

micronutrient ingested by multiplying the total amount eaten by the percentages of each 133 

nutrient in the diets. Full details of diet components are shown in Table S1. 134 

Lifespan and fecundity assay 135 

To measure female reproductive effort, female crickets were mated twice weekly from Day 7 136 

adult age, with randomly selected males from the laboratory stock. Females were supplied 137 

with a petri-dish of moist sand for oviposition. Dishes were changed weekly throughout the 138 

lifespan of each female and eggs counted. The crickets were checked daily to determine day 139 

of death. We used two estimates of female fecundity, early life fecundity being the total 140 

number of eggs laid up to Day 21, and lifetime fecundity being the total number of eggs laid 141 

at time of death. 142 

Cuticular hydrocarbon analysis 143 

The CHCs of female crickets were sampled by solid-phase microextraction (SPME) at Day 144 

21 adult age and analysed by gas chromatography-mass spectrometry. Complete procedures 145 

for CHC analysis have been described previously (Ng et al., 2018) and can be found in the 146 

Supplementary methods. To verify the sexually dimorphic expression of CHCs in T. 147 

oceanicus, the relative abundances of CHCs on females were compared with those for males 148 

that were sampled at the same time and provided elsewhere (Ng et al., 2018). The relative 149 

abundances were isometric log ratio transformed before being subjected to a multivariate 150 

analysis. Post hoc univariate tests were performed to determine the significance of sexual 151 

differences for each peak. Bonferroni correction was used to adjust the significance threshold 152 

for multiple hypotheses tests.  153 

Data analysis 154 

To determine nutritional effects on the life history traits of females, we adopted the methods 155 

used previously for male T. oceanicus (Ng et al., 2018). Briefly, a multivariate surface-156 
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response approach was used to determine the linear (P, C, M), quadratic (P x P, C x C, M x 157 

M) and correlational (P x C, P x M, C x M) effects of macronutrient (P, C) and micronutrient 158 

(M) intakes on trait expression. The visualization of response surfaces as nutritional 159 

landscapes were constructed with nonparametric thin-plate splines using the Tps function in 160 

the ‘FIELDS’ package in R (v3.5.0). A sequential model-building approach was used to 161 

determine whether the linear, quadratic and correlational effects of macronutrient and 162 

micronutrient consumption were different between the different life history traits within 163 

female crickets and between analogous traits of males and females. Data for trait 164 

performances and nutrient intakes of male T. oceanicus were obtained from Ng et al. (2018). 165 

To describe the divergence between the two traits in nutrient space, a trigonometry procedure 166 

was used to calculate the angle (θ), ranging from 0° to 180°, between the linear vectors. The 167 

95% credible interval (CI) for θ was estimated using a Bayesian approach implemented in the 168 

“MCMCglmm” package (Hadfield, 2010) in R. Full details and parameters of the data 169 

analyses are provided in the Supplementary methods and can be found in Rapkin et al. 170 

(2018a). 171 

Results 172 

By manipulating the nutritional content of diets provided to T. oceanicus, we examined how 173 

macronutrient and micronutrient intakes affected female lifespan, fecundity, and cuticular 174 

hydrocarbon expression (CHCs). 175 

Lifespan 176 

Female lifespan increased linearly with carbohydrate intake (C: β = 0.465, p = < 0.001; Table 177 

1 and S2), but was not influenced significantly by protein (P: β = -0.044, p = 0.649) or 178 

micronutrient intake (M: β = 0.008, p = 0.902). The nutritional landscape showed that 179 

lifespan was maximised among crickets with a high intake of 1P:5C diets (Figure 1a).  180 

Fecundity 181 

Both early life fecundity (cumulative fecundity at Day 21) and lifetime fecundity increased 182 

linearly with macronutrient and micronutrient intakes (Table 1 and S2; Figure S1). Moreover, 183 

the increase in egg production (contour lines in the nutritional landscapes) coincided with the 184 

isocaloric lines (dashed lines; intake of nutrients along the line yielded equal calories) 185 

indicating that fecundity increased with caloric intake (Figure 1b and 1c). However, 186 

carbohydrate had a greater influence on lifetime fecundity (C: β = 0.525, p = < 0.001) than 187 
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early life fecundity (C: β = 0.226, p = 0.001). In addition, a significant positive correlational 188 

effect between carbohydrate and micronutrients (C x M: β = 0.424, p = 0.002) observed in 189 

lifetime fecundity, early life fecundity, further suggested that lifetime fecundity increased 190 

when females consumed diets with higher carbohydrate contents. Accordingly, the nutritional 191 

landscapes showed that lifetime fecundity was maximised between diets with 1P:1C and 192 

1P:3C (Figure 1c), whereas early life fecundity was higher when ingesting greater quantities 193 

of protein and peaked at a diet ratio of 1P:1C (Figure 1b).  194 

Cuticular hydrocarbons 195 

Analysis of female CHC profiles identified 27 peaks with molecular weights ranging from 196 

324 to 488 (23-35 carbons; Figure S2). The relative abundances of CHC peaks exhibited 197 

sexual dimorphism (Table S3); females generally had relative abundances that were 198 

significantly higher for shorter chained CHCs (≤ C29) and lower for specific longer chained 199 

hydrocarbons, such as peak 14 (C31:2) and peak 24 (C33:2), as observed in a previous study 200 

(Thomas & Simmons, 2008). Principal component analysis returned 5 PCs with eigenvalues 201 

greater than 1 that collectively explained 77% of the variance in the female CHC profile 202 

(Table S4). PC1 (30%) was loaded positively by shorter chained CHCs (≤ C29) and 203 

negatively by longer chained (≥ C31) hydrocarbons, including peak 14 (C31:2) and peak 24 204 

(C33:2). PC2 (28%) was loaded positively by both shorter chained CHCs (≤ C29) and long 205 

chain (≥ C33) hydrocarbons. Similarly, PC3 (10%) contrasted shorter chained CHCs (≤ C31) 206 

with longer chained (≥ C33) hydrocarbons. PC4 (5%) was negatively loaded by three specific 207 

CHCs (C29:1, C33:1 and C33:2). PC5 (4%) contrasted specific tritriacontenes (C33:1) and 208 

tritricontadienes (C33:2), and a hentriacontadiene (C31:2). 209 

All 5 PCs increased linearly with the intake of protein (Table 1 and S2); both CHC-PC1 and 210 

CHC-PC2 peaked in the nutritional landscapes around a diet ratio of 5P:1C (Figure 2). 211 

Overall, protein intake had a positive impact on CHCs enriched in females but decreased the 212 

relative abundances of those compounds that are abundant in males (Table S3). In contrast, 213 

micronutrients had a negative linear effect on CHC-PC2 (M: β = -0.191, p = 0.008), implying 214 

that increased intake of micronutrients decreased the relative abundances of shorter chained 215 

CHCs (≤ C29) and long chain (≥ C33) hydrocarbons (Figure 2c). A significant negative 216 

quadratic term for carbohydrate intake (C x C: β = -0.234, p = 0.004) on CHC-PC3 indicated 217 

that the relative abundance of shorter chained CHCs (≤ C31) peaked at an intermediate 218 

consumption of carbohydrate.  219 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

This article is protected by copyright. All rights reserved 

Nutrient intakes differentially affect life history traits in female crickets 220 

We used a sequential model-building approach to formally compare how macronutrient and 221 

micronutrient intakes affected the different life history traits of female crickets (Table 2, 222 

diagonal left panel; Table S5). In addition, calculating the angle (θ) between linear nutritional 223 

vectors determines the divergence between the optima of various life history traits in the 224 

nutritional landscape (Table 2, diagonal right panel); a relatively smaller angle implies that 225 

the two traits are located in a similar region in the nutritional landscape, while a relatively 226 

larger angle would imply a conflict between the two traits during allocation of nutrients. 227 

Protein consumption contributed to the difference between lifespan and other life history 228 

traits (fecundity and CHC; Table 2, diagonal left panel) because protein was the common 229 

nutrient that positively influenced the reproductive traits in females, but did not contribute 230 

significantly to lifespan. Similarly, micronutrients did not influence female lifespan, but did 231 

significantly influence fecundity and CHC-PC2. On the other hand, carbohydrate intake 232 

increased lifespan but did not affect CHC-PC1 and CHC-PC2. Consequently, lifespan 233 

showed greater divergence (48.1° - 94.7°; Table 2, diagonal right panel) with other traits, 234 

indicating that the peaks of lifespan and reproductive traits were located in different areas in 235 

the nutritional landscape. 236 

Statistical comparison showed that early life fecundity and lifetime fecundity differed in their 237 

responses to protein and carbohydrate intake (Table 2). However, a small angle (20.0°) 238 

demonstrated that the maxima for both fecundity traits were located near each other in the 239 

nutritional landscape (Figure 1b and 1c). In contrast, the positive influences of carbohydrate 240 

and micronutrient intakes on fecundity, but not CHC-PC1 and CHC-PC2, contributed to their 241 

differences with CHCs (Table 2). The maxima of early life fecundity and CHC-PCs were 242 

located relatively closer in the nutritional landscapes (14.2° - 25.4°), due to the positive 243 

effects of high protein intake on these traits (Table 1 and S2). On the other hand, larger 244 

divergences were observed between lifetime fecundity and CHC-PCs (33.0° and 45.3°) as the 245 

former peaked on lower P:C diets (Figure 1c). 246 

Nutrient intakes differentially affect life history traits between the sexes 247 

To determine if there were sex differences in the nutritional effects of macronutrients on life 248 

history traits, we compared the effects of macronutrients and micronutrients on female traits 249 

reported here, with data collected at the same time for male T. oceanicus and published in Ng 250 

et al. (2018). Male and female lifespan only differed significantly in their responses to 251 
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micronutrient intake (Table 3 and S6), and a small angle (18.9°) between these intakes 252 

showed that male and female lifespan were maximised by similar diets; indeed, the maxima 253 

for both male and female lifespan were both located in the low P:C region of the nutritional 254 

landscape (Figure 1a; Ng et al., 2018). As CHC expression in both male and female crickets 255 

were strongly influenced by protein intake, they were located relatively close together in the 256 

nutritional landscapes (15.4° - 25.9°), with the differences occurring mainly in the quadratic 257 

effect of carbohydrate intake between male and female CHC-PC1 (Table S6), and in their 258 

micronutrient intake where male CHC-PC1 had a stronger negative response to high 259 

consumption than female CHC-PCs (Table 3 and S6). 260 

The nutritional effects on female fecundity, however, diverged greatly from those on male 261 

sperm viability. Sperm viability is an important reproductive trait in male T. oceanicus that 262 

influences the number of offspring sired; males with high sperm viability, rather than sperm 263 

number, sire a greater proportion of a female’s clutch when females mate with several males 264 

(Simmons et al., 2003; Garcia-Gonzalez & Simmons, 2005). Offspring production is thereby 265 

maximised in females and males by fecundity and sperm viability respectively. The large 266 

angles between fecundity and sperm viability (117.2° and 137.4°) indicated that the two traits 267 

were maximised by different nutrient mixtures (Table 3). Univariate tests showed that protein 268 

had the greatest impact on the difference between the two traits (Table S6). Furthermore, high 269 

intake of carbohydrate was necessary for high lifetime fecundity, while carbohydrate did not 270 

significantly influence sperm viability; a larger slope coefficient in micronutrient intake on 271 

early life fecundity suggested that egg production responded more sharply to the difference in 272 

micronutrient consumption than sperm viability (Table 1; Ng et al., 2018).  273 

Intake target 274 

We have shown previously that male crickets regulated their macronutrient intake and 275 

maintained a steady consumption ratio of 1P:3C until Day 29 adult age (Ng et al., 2018; 276 

Figure 3). Regardless of their mating status, the protein and carbohydrate intakes of females 277 

were similar to those of males initially, but females progressively ingested more protein as 278 

they aged; by Day 29, female crickets had consumed significantly more protein (MANOVA: 279 

Pillai's Trace = 0.25, p = 0.006) and achieved a self-regulated intake ratio of 1P:2C (Figure 3; 280 

Table S7), which coincided with the diet ratio for maximum lifetime fecundity (Figure 1c).  281 

Discussion 282 
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In this study, we used the Geometric Framework to show how intakes of protein, 283 

carbohydrate and micronutrients affect the life history traits of females. As females and males 284 

are predicted to require different nutrients for the expression of their respective reproductive 285 

traits, we used our data to contrast the effects of nutrition on analogous traits in males to 286 

determine how sex differences influenced nutrient allocation and regulation. The expression 287 

of life history traits common to both sexes, such as lifespan and cuticular hydrocarbon 288 

expression, demanded similar nutrient blends, but egg and sperm production exhibited sex-289 

specific nutritional requirements. This could result in sexual conflict over attaining the 290 

optimal intake of nutrients for reproduction. Yet, male and female T. oceanicus were found to 291 

have different preferences for macronutrients at different ages, thereby reducing the potential 292 

for sexual conflict. Sexual dimorphism in nutrient regulation may be an adaptive strategy that 293 

allows each sex to pursue the optimal nutrition for maximal reproductive fitness.  294 

Effect of nutritional intakes on female life history traits 295 

The trade-off between lifespan and reproduction is a classic prediction of life history theory, 296 

where limiting resources are unable to maximise the expression of both traits (Zera & 297 

Harshman, 2001). Recent works have established that the balance of macronutrients in the 298 

diet mediates life history trade-offs as the expression of different traits have different 299 

nutritional optima that cannot be attained simultaneously with a single diet (Lee et al., 2008; 300 

Fanson et al., 2009; Harrison et al., 2014; Jensen et al., 2015a). Indeed, lifespan in female T. 301 

oceanicus increased when females consumed diets of lower P:C ratios, with the longest 302 

lifespan found in crickets feeding on 1P:5C diets (Figure 1a). In contrast, CHC expression 303 

was strongly influenced by protein intake (Figure 2) and early life fecundity (at 21 days of 304 

age) peaked at higher P:C diets (Figure 1b). The large angles (48.1° - 94.7°) between the 305 

linear vectors of lifespan and other sexual traits verified that the maximum lifespan was 306 

located at a different region of the nutritional landscapes from the peaks in fecundity and 307 

CHC expression (Table 2). Protein is a key nutrient for reproduction, and when it is not 308 

acquired in sufficient quantity (or not presented in appropriate ratio in the diet), it may be 309 

advantageous for the animal to shift its resources to somatic maintenance to prolong lifespan 310 

until suitable nutrients for reproduction become available; therefore, a low P:C ratio sustained 311 

over the reproductive period of an animal will be associated with longer lifespan at the cost of 312 

lower reproductive output (Fanson et al., 2009; Le Couteur et al., 2016). 313 
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We showed that early life and lifetime fecundity peaked at different P:C ratios (Figure 1b and 314 

1c) and responded differently to the macronutrient intakes (Table 2), demonstrating that 315 

investments on early and future reproduction require different combinations of nutrients. 316 

Despite the difference in the responsiveness to protein and carbohydrate intakes, the increase 317 

in early life and lifetime fecundity were greatly influenced by both nutrient (Table 1 and S2) 318 

as well as caloric intakes (Figure 1b and 1c). Previous studies using the Geometric 319 

Framework have used daily fecundity as a measure of female reproductive success over the 320 

lifetime of the study animal (Maklakov et al., 2008; Archer et al., 2015; Jensen et al., 2015a; 321 

Rapkin et al., 2017a). However, it is unlikely that females will retain constant reproductive 322 

output; rather, as shown for Gryllus bimaculatus (Simmons, 1988), crickets will experience 323 

reproductive senescence through later life. Moreover, adult field crickets in the wild rarely 324 

live past 21 days (Zuk, 1987; Simmons & Zuk, 1994; Murray & Cade, 1995), possibly 325 

limited by the interactive effects of food availability, predation, parasitisation, and microbial 326 

infections. Hence, we suggest that our measure of early life fecundity may be the more 327 

biologically meaningful measure of reproductive output when considering the effect of 328 

selection in shaping the nutritional ecology of females.  329 

Our results showed that the divergence in nutritional space between fecundity and CHCs was 330 

relatively small (17.8° - 45.3°) as these life history traits were both affected positively by 331 

protein intake. CHC expression is sexually dimorphic in T. oceanicus (Thomas & Simmons, 332 

2008), and males exhibit mating preferences for CHC compounds that are generally more 333 

abundant in females (Thomas & Simmons, 2010). Indeed, CHCs have been shown to be 334 

genetically correlated with ovary mass, an indicator for fecundity in this species, providing 335 

evidence that CHCs provide a signal of female fecundity (Berson & Simmons, 2019). The 336 

correlated effect of dietary intake on fecundity and CHC expression offers further evidence 337 

that female CHCs can signal nutritional status and be used by males as a cue for the selection 338 

of highly fecund females. Specifically, protein intake increased the proportions of CHC 339 

compounds (≤ C29) that are more abundant in females and decreased those that are more 340 

abundant in males (e.g. peak 14 and 24 in Figure S2). Therefore, high protein consumption in 341 

females not only increased fecundity, but also resulted in a CHC profiles that make females 342 

more attractive to prospective mates.  343 

Sexual dimorphism in the effects of nutrition on life history traits  344 
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Sexual dimorphism in trait expression is widespread in the animal kingdom, but the sex-345 

specific interactions between nutrients and sexual traits are not well documented. We 346 

compared the effects of nutrients on analogous traits in male and female crickets. Similar to 347 

male T. oceanicus, female lifespan was maximised on low P:C diets (Figure 1a). However, 348 

unlike males whose lifespan peaked at intermediate intakes of both macronutrients and 349 

micronutrients (Ng et al., 2018), female lifespan increased linearly with carbohydrate intake 350 

(Table 1). Moreover, the significant difference in their responses to micronutrient intake 351 

suggests that the decrease in male lifespan with higher intake of micronutrients was not 352 

observed in females (Table 1 and S6). Excessive nutrient intake often results in adverse 353 

fitness consequences including increased mortality (Mertz, 1981; Raubenheimer et al., 2005; 354 

Simpson & Raubenheimer, 2012); in fact, high intake of nutrients causes a decrease in 355 

lifespan in male T. oceanicus (Ng et al., 2018). In contrast, female T. oceanicus did not show 356 

a decline in lifespan with increasing intakes of macronutrient and micronutrients (Figure 1a). 357 

This suggests that egg production by females may represent a sink that draws nutrients away 358 

from somatic tissues and averts the detrimental outcomes associated with excess nutrient 359 

consumption.  360 

As CHC expression is sexually dimorphic in T. oceanicus (Thomas & Simmons, 2008), there 361 

might be sex-specific interactions between nutrients and CHCs in males and females. 362 

Although male and female CHC-PCs were strongly influenced by protein intake (Table 1; Ng 363 

et al., 2018), the CHCs that were relatively enriched with increasing protein consumption 364 

were different for males and females. Male CHC-PC1 describes the relative abundances of 365 

longer chained (≥ C31) hydrocarbons, which increase and decrease with higher intake of 366 

macronutrients and micronutrients, respectively (Ng et al., 2018); although protein 367 

consumption increases the relative abundances of longer chained (≥ C31) hydrocarbons in 368 

male crickets, high protein intake generally increased the proportions of shorter chained (≤ 369 

C29) CHCs in female crickets (Table S2 and S4). Statistical comparison found significant 370 

differences in the effect of nutritional intakes between male CHC-PC1 and the female CHC-371 

PCs (Table 3), where increasing consumption of micronutrients had a greater negative impact 372 

on the relative abundances of longer chained hydrocarbons in males (CHC-PC1) than the 373 

CHCs in females (CHC-PC1 and PC2). Taken together, these patterns suggest that nutrients 374 

have sex-specific effects on the expression of sexually dimorphic CHCs in T. oceanicus. 375 

The number of eggs laid by a female cricket contributes to her reproductive fitness, and in 376 

male T. oceanicus sperm viability is an important post-mating trait that determines his 377 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

This article is protected by copyright. All rights reserved 

paternity success during competitive fertilisation of eggs (Garcia-Gonzalez & Simmons, 378 

2005). Therefore, if these two traits require different nutrient blends to perform optimally, 379 

there is the potential for sexual conflict as each sex attempts to achieve their optimal 380 

reproductive fitness (Bonduriansky et al., 2008). In fact, fecundity for females had larger 381 

angles with sperm viability for male crickets (117.2° and 132.5°) than with other female life 382 

history traits analysed in this study (Table 2), suggesting a wide divergence in the nutritional 383 

needs that maximise fecundity and sperm viability in females and males respectively. Protein 384 

had the greatest impact on the difference between the two traits (Table S6), as an increase in 385 

protein consumption enhanced fecundity (Table 1), but was detrimental to sperm viability 386 

(Ng et al., 2018). Carbohydrate intake, which was necessary for high fecundity, did not 387 

significantly influence sperm viability. Moreover, a larger slope coefficient in micronutrient 388 

intake on fecundity suggests that egg production would respond more sharply to the 389 

difference in micronutrient consumption than sperm viability. Overall, this suggests that egg 390 

production in females requires a different nutritional intake from that which promotes 391 

competitive fertility in males, raising the potential for sexual conflict over the nutritional 392 

targets that maximise female and male fitness. 393 

Sex-specific regulation of nutrient intake 394 

Recent studies have demonstrated that animals are able to selectively forage for food to meet 395 

their optimal intake targets for different macronutrients (Simpson et al., 2004; Jensen et al., 396 

2012). We have previously shown that male T. oceanicus maintained a steady intake ratio of 397 

1P:3C when allowed to regulate their protein and carbohydrate intake, even though that diet 398 

ratio did not maximise any of the life history traits measured (Ng et al., 2018). Besides 399 

having a larger reproductive investment than males, females experience significant changes 400 

after mating including gene expression, increased egg production and oviposition (Gillott, 401 

2003; Immonen et al., 2017). Consequently, they often acquire different nutritional demands, 402 

such as increasing food intake and increasing preference for protein to sustain the increase in 403 

egg production (Carvalho et al., 2006; Tsukamoto et al., 2014; Camus et al., 2018); indeed, 404 

female crickets in this study increased their fecundity with high intake of both macronutrients 405 

and micronutrients (Figure 1b, 1c and S1). It has been suggested that a shared genome 406 

between the sexes may constrain the divergence in regulation of nutrient intakes between 407 

males and females (Lande, 1980; Bonduriansky & Chenoweth, 2009). Although the 408 

macronutrient intakes of female crickets initially aligned closely to that of males, females 409 

gradually increased their preference for protein as they aged, regardless of their mating status 410 
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(Figure 3). Importantly, they reached a self-regulated ratio of 1P:2C at Day 29 that would 411 

maximise fecundity (Table S7). Female T. oceanicus become sexually responsive around 6 412 

days after adult eclosion (Bailey & Zuk, 2008), which suggests that a sex-specific, age-413 

dependent change in intake target for sexually mature females increases their preference for 414 

protein in preparation for oviposition. Thus, our data suggests that selection may have 415 

favoured a partial resolution to sexual conflict over nutrient regulation. Several studies have 416 

demonstrated that females self-select a higher P:C diet than males when given dietary choice 417 

(Harrison et al., 2014; Jensen et al., 2015b; Rho & Lee, 2016; Rapkin et al., 2017a; Jensen & 418 

Silverman, 2018). The control of increased protein appetite after mating is well documented 419 

in Drosophila (Ribeiro & Dickson, 2010; Vargas et al., 2010); however, sexual dimorphism 420 

in the regulation of P:C intake ratio is not always observed, as both sexes in D. melanogaster 421 

(Jensen et al., 2015a), Gryllodes sigillatus (cricket: Rapkin et al., 2018a) and Nauphoeta 422 

cinerea (cockroach: Bunning et al., 2016) have similar self-regulated intake ratios. Although 423 

females typically consume significantly more than males within the self-regulated intake ratio, 424 

this results in both higher protein and carbohydrate intakes (Jensen et al., 2015a; Bunning et 425 

al., 2016; Rapkin et al., 2018a). Future study is necessary to examine the genetic and 426 

epigenetic basis behind sex-specific nutrient regulation to understand how adaptive evolution 427 

shapes dimorphism in diet selection between sexes. 428 

In conclusion, we demonstrate how nutritional intakes differentially influence life history 429 

traits in female crickets. Carbohydrate intake maximised lifespan and protein intake 430 

influenced CHC expression, while fecundity was dependent on both macronutrient and 431 

micronutrient intakes. Our results substantiate recent claims that macronutrients mediate 432 

trade-offs between lifespan and reproduction, as the expression of these life history traits 433 

naturally require distinct blends of nutrients. Although it is not possible to disentangle 434 

micronutrients from total food intake due to the concentration of micronutrients being fixed 435 

in all diets, we illustrate the potential for micronutrients to influence life history traits, and 436 

highlight the need for future studies that detail the effects of dietary manipulations of 437 

micronutrient content on life history traits. In T. oceanicus, the regulation of protein and 438 

carbohydrate intakes in sexually mature females appears set to a higher P:C intake ratio than 439 

the male, at 1P:2C, which maximised female fecundity but is detrimental to male fertility. 440 

Nevertheless, our study shows that the potential for sexual conflict over nutrient intake 441 

targets is ameliorated by sex-specific regulation of nutrient intake that promotes fecundity 442 
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and sperm viability in females and males respectively, suggesting that nutritional needs may 443 

shape the evolution of sexual dimorphism in foraging. 444 
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 577 

Table 1. The linear and nonlinear effects of daily protein (P), carbohydrate (C), and micronutrient (M) 578 

intake on female life history traits. Significant slope coefficients (β) are highlighted in bold. The 579 

corrected alpha FDRB-H level of significance is p < 0.015; the asterisks represent the significance: (*) 580 

p <0.015, (**) p <0.01, (***) p <0.001. Full analysis can be found in the Supplementary Table S2. 581 

 

Linear Quadratic Correlational 

P C M P x P C x C M x M P x C P x M C x M 

Lifespan β 
-0.044 

(ns) 

0.465 

(***) 

0.008 

(ns) 

-0.034 

(ns) 

-0.063 

(ns) 

-0.188 

(ns) 

-0.36 

(ns) 

0.435 

(ns) 

0.184 

(ns) 

Early life 

Fecundity β 

0.432 

(***) 

0.226 

(**) 

0.496 

(***) 

-0.056 

(ns) 

-0.013 

(ns) 

0.147 

(ns) 

0.137 

(ns) 

0.422 

(***) 

0.167 

(ns) 

Lifetime 

Fecundity β 

0.483 

(***) 

0.525 

(***) 

0.422 

(***) 

-0.203 

(ns) 

-0.172 

(ns) 

-0.207 

(ns) 

-0.413 

(ns) 

0.825 

(***) 

0.424 

(**) 

CHC PCヱ β 
0.262 

(*) 

0.069 

(ns) 

0.166 

(ns) 

-0.042 

(ns) 

0.067 

(ns) 

-0.070 

(ns) 

-0.159 

(ns) 

-0.138 

(ns) 

0.146 

(ns) 

CHC PCヲ β 
0.269 

(**) 

0.011 

(ns) 

-0.191 

(**) 

-0.170 

(ns) 

-0.131 

(ns) 

-0.027 

(ns) 

-0.438 

(ns) 

0.067 

(ns) 

0.152 

(ns) 

CHC PCン β 
0.306 

(**) 

0.235 

(ns) 

-0.121 

(ns) 

-0.057 

(ns) 

-0.234 

(**) 

-0.145 

(ns) 

-0.368 

(ns) 

0.360 

(ns) 

0.330 

(ns) 

CHC PCヴ β 
0.356 

(***) 

0.157 

(ns) 

0.138 

(ns) 

-0.078 

(ns) 

-0.081 

(ns) 

0.102 

(ns) 

-0.289 

(ns) 

-0.475 

(**) 

-0.358 

(ns) 

CHC PC5 β 
0.393 

(***) 

0.021 

(ns) 

-0.135 

(ns) 

-0.050 

(ns) 

-0.023 

(ns) 

-0.039 

(ns) 

-0.039 

(ns) 

-0.005 

(ns) 

-0.075 

(ns) 

 582 

Table 2. Comparisons of the linear effects of nutritional intakes on various life history traits in female 583 

Teleogryllus oceanicus. The diagonal right panel shows the angle between linear nutritional vectors 584 

with the 95% CI in parentheses. The diagonal left panel shows the linear effects of nutritional intakes 585 

on the life history traits based on a sequential model-building approach. The asterisks represent the 586 

significance determined by partial F-tests; (*) p <0.031, (**) p <0.01, (***) p <0.001. Nutrients in 587 

square brackets, [P: protein, C: carbohydrate, M: micronutrients], contribute significantly to the 588 

overall difference between the two traits; refer to Table S5 for the complete results from the formal 589 

statistical comparison.  590 
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 591 

Table 3. Comparisons of the linear effects of nutritional intakes on various life history traits between 592 

male and female Teleogryllus oceanicus. The linear effects of nutritional intakes on the life history 593 

traits based on a sequential model-building approach. The angle (θ) between linear nutritional vectors 594 

with the 95% CI in parentheses. The asterisks represent the significance determined by partial F-tests; 595 

(*) p <0.021, (***) p <0.001. Nutrients in square brackets, [P: protein, C: carbohydrate, M: 596 

micronutrients], contribute significantly to the overall difference between the two traits; refer to Table 597 

S6 for the complete results from the formal statistical comparison. 598 

Female trait vs Male trait 
Sequential 

model-building 
θ (95% CI) 

Female vs Male lifespan 
F3,375 = 3.38 

(*) [M] 

18.87 

(8.88, 32.81) 

Female vs Male CHC PC1 
F3,394 = 15.59 

(***) [M] 

15.42 

(6.89, 30.07) 

Female vs Male CHC PC2 
F3,394 = 3.05 

(ns) 

19.55 

(9.52, 32.76) 

Female CHC PC1 vs  

Male CHC PC2 

F3,394 = 2.63 

(ns) 

25.41 

(13.4, 39.08) 

Female CHC PC2 vs  

Male CHC PC1 

F3,394 = 3.71 

(*) [M] 

25.94 

(13.26, 44.2) 

Early life fecundity vs  

Male sperm viability 

F3,492 = 31.07 

(***) [P, M] 

137.37 

(125.8, 147.9) 

Lifetime fecundity vs  

Male sperm viability 

F3,412 = 18.95 

(***) [P, C] 

117.19 

(105.8, 127.2) 
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Lifespan 

Early life 

Fecundity 

Lifetime 

Fecundity 
CHC PC1 CHC PC2 

Lifespan   
68.48° 

(59.91, 78.24) 

48.06°  

(39.92, 57.68) 

83.53°  

(69.74, 101.5) 

94.68° 

(80.12, 114.0) 

Early life 

Fecundity 

F3,473 = 41.29 

(***) [P, M] 
  

20.00°  

(15.87, 24.50) 

14.19° 

(6.20, 28.62) 

25.38° 

(12.97, 43.64) 

Lifetime 

Fecundity 

F3,393 = 22.95 

(***) [P, M] 

F3,468 = 4.44 

(**) [P , C] 
  

33.04°  

(22.59, 48.54) 

45.32° 

(33.00, 63.85) 

CHC PC1 
F3,395 = 17.28 

(***) [P, C] 

F3,470 = 7.18 

(***) [C, M] 

F3,390 = 9.15 

(***) [C, M] 
  

21.75° 

(9.92, 39.69) 

CHC PC2 
F3,395 = 22.7 

(***) [P, C] 

F3,470 = 27.90 

(***) [C, M] 

F3,390 = 27.31 

(***) [C, M]  

F3,392 = 5.03 

(**) [M] 
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Figure legends 600 

Figure 1. Effects of protein and carbohydrate intakes on (a) lifespan, (b) early life fecundity 601 

and (c) lifetime fecundity in female Teleogryllus oceanicus. The nutrients are expressed as 602 

daily intake consumed per milligram of cricket. The black dots represent the intake of 603 

nutrients by individual crickets. Blue regions represent lower values, whereas red regions 604 

represent higher values of lifespan. Dashed line denotes equal caloric intake of diets with 605 

different protein:carbohydrate ratios. 606 

Figure 2. Effects of macronutrient and micronutrient intakes on cuticular hydrocarbon (CHC) 607 

profile of female Teleogryllus oceanicus. Effects of protein and carbohydrate intakes on (a) 608 

CHC-PC1 and (b) CHC-PC2. (c) Effects of protein and micronutrient intakes on CHC-PC2. 609 

The nutrients are expressed as daily intake consumed per milligram of cricket over 21 days. 610 

The black dots represent the intake of nutrients by individual crickets. Blue regions represent 611 

lower values, whereas red regions represent higher values. 612 

Figure 3. Virgin (n=18) and mated (n=8) female Teleogryllus oceanicus regulate their protein 613 

(P) and carbohydrate (C) intakes. The self-regulated intakes of virgin males are obtained from 614 

Ng et al. (2018). The data points from left to right are the average cumulative intakes at Day 615 

0, 3, 6, 9, 13, 17, 21, 25 and 29 post-adult eclosion; females were mated at Day 7 adult age. 616 

The protein and carbohydrate intakes are similar between males and females initially, but 617 

females progressively consumed more protein as they aged so that by Day 29, females 618 

consumed significantly more protein and achieve a self-regulated intake ratio of 1P:2C (Table 619 

S7 provides the average quantity (and standard deviation) of protein and carbohydrate 620 

consumed and statistical comparison at each time point). 621 
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Figure 1. 623 
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Figure 2.  625 
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Figure 3.  627 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t


