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It is commonly assumed that because males produce many, tiny sperm,

they are cheap to produce. Recent work, however, suggests that sperm

production is not cost-free. If sperm are costly to produce, sperm number

and/or viability should be influenced by diet, and this has been documented

in numerous species. Yet few studies have examined the exact nutrients

responsible for mediating these effects. Here, we quantify the effects of protein

(P) and carbohydrate (C) intake on sperm number and viability in the cock-

roach Nauphoeta cinerea, as well as the consequences for male fertility. We

found the intake of P and C influenced sperm number, being maximized at

a high intake of diets with a P : C ratio of 1 : 2, but not sperm viability. The

nutritional landscapes for male fertility and sperm number were closely

aligned, suggesting that sperm number is the major determinant of male

fertility in N. cinerea. Under dietary choice, males regulate nutrient intake at

a P : C ratio of 1 : 4.95, which is midway between the ratios needed to maximize

sperm production and pre-copulatory attractiveness in this species. This raises

the possibility that males regulate nutrient intake to balance the trade-off

between pre- and post-copulatory traits in this species.
1. Introduction
The production of large and small gametes, known as anisogamy, is a wide-

spread phenomenon in the animal kingdom [1,2]. Historically, evolutionary

biologists have used this asymmetry in gamete size between the sexes to explain

the origin of sex differences in parental investment strategies [3,4] and sexual

conflict [5]. These arguments are based on the assumption that because male

gametes (sperm) are typically small and numerous compared with female

gametes (ova), they should be cheap to produce [3–5]. There are, however, a

growing number of studies challenging this assumption and showing that

sperm production often comes at a substantial cost to males [6,7], although it

is unlikely that these costs will ever exceed those experienced by females

when producing ova [8].

Several lines of empirical evidence suggest that sperm are costly to produce.

First, males in a wide range of species have been shown to strategically tailor

the number of sperm in their ejaculate in response to a variety of stimuli, includ-

ing the perceived risk of sperm competition [9], female mating status [10] and

female quality [11], as well as in response to the quality of environment for

developing offspring [12]. Moreover, there is a growing number of studies

showing that males can also adjust the proportion of viable sperm in their eja-

culate to the risk of sperm competition [13] and female mating status [14].

Second, males frequently show a significant reduction in sperm number after

multiple ejaculations, indicative of sperm depletion [15]. For example, sperm

number is reduced by 65% in large male sea slugs (Chelidonura sandrana)

across four successive matings [15]. Third, sperm production has been
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associated with an elevated metabolic rate within [16] and

across [8] species. In some species, this elevation in metabolic

rate is likely to represent a significant cost to the daily energy

budget. For example, in Japanese macaques (Macaca fuscata),

it is estimated that males use between 0.8% and 6.0% of

their daily basal metabolic rate for ejaculate production

during the breeding season [16]. Finally, sperm number is

traded against sperm size across species [17], and against a

range of different traits within species (i.e. lifespan [18],

body weight [19], immune function [20], growth [21], mate

guarding behaviour [22]). Furthermore, sperm viability is

also traded against attractiveness [23] and immune function

[24] in several species.

If sperm are indeed costly, diet should have an effect on

the number and/or the viability of sperm produced. Diet is

known to influence sperm production in numerous mamma-

lian species [25], including humans [26]. There are, however,

few studies that have examined the effects of diet on sperm

production in insects. Moreover, the small number of studies

that have examined this relationship in insects have yielded

equivocal results. Queensland fruitflies (Bactrocera tryoni)
[27], Drosophila melanogaster [28], red flour beetles (Tribolium
castaneum) [29] and Indian meal moth (Plodia interpunctella)

[30] all show an increase in sperm production on higher-

quality diets, whereas studies on ladybirds (Adalia bipunctata)

[31] and Mediterranean fruitflies (Ceratitis capitata) [32] show

the reverse pattern. Only two of these studies have examined

the consequences of diet-induced changes in sperm pro-

duction for male fitness: the increase in sperm production

observed on a high-quality diet results in a higher paternity

in T. castaneum [29] but not in D. melanogaster [28]. To date,

only a single study on honeybees (Apis mellifera) has exam-

ined the effect of diet on sperm viability, showing that

pollen restriction has little effect on sperm viability [33].

The ovoviviparous cockroach Nauphoeta cinerea has been a

useful model for studying post-copulatory sexual selection

[34–39]. Male N. cinerea produce a complex ejaculate (the

spermatophore) consisting of sperm enclosed in a membra-

nous sac (the ampulla) that is embedded in a gelatinous,

proteinaceous mass (the spermatophylax) [40]. If the sperma-

tophylax is above a threshold size, it stimulates a stretch

receptor in the female bursa copulatrix that inhibits

remating behaviour [35,41,42]. Most males are able to pro-

duce a spermatophylax that exceeds this threshold and

therefore typically avoid sperm competition when mating

with a virgin female [42]. Sperm competition is not comple-

tely eliminated by this mechanism, however, as females can

remate after the parturition of their first clutch [40,41] and

can store sperm for their entire lifespan [41,42]. There is

already compelling evidence that sperm production is

costly in N. cinerea. Manipulation of the social environment

during larval [36] and adult [38] stages has shown that

males tailor their sperm number according to their perceived

risk of sperm competition. Males also readily become sperm-

depleted over consecutive matings, and this significantly

reduces male fertility [35,39]. For example, ampulla size

and sperm viability both decrease considerably across four

consecutive matings (approx. 70% and 50%, respectively),

and this results in a 35% decrease in male fertility [35].

Females are able to use cuticular hydrocarbons transferred

during mating to discriminate against sperm-depleted

males in mate choice [35,36], although their ability to assess

these chemical cues becomes less effective as the time
between successive matings increases [39]. Finally, there are

negative genetic correlations between sperm number and

most other components of the ejaculate, including spermato-

phore mass, ampulla mass, testis mass and sperm viability

[34]. This suggests that sperm number is traded against

these other ejaculate components and is unlikely to evolve

independently [34]. We currently do not know whether diet

influences sperm number and/or viability in N. cinerea.

A limitation of all previous studies examining the relation-

ship between diet and sperm production in insects is that an

explicit nutritional framework was not used to manipulate

diet quality [27–32]. Thus, it is not possible to separate the

effects of total nutritional content (i.e. calories) from the intake

of specific nutrients in these studies. Here, we use the geometri-

cal framework (GF) for nutrition, a multidimensional approach

that enables the independent effects of calories on an individ-

ual’s performance to be partitioned from the intake of specific

nutrients [43], to determine the effects of protein (P) and carbo-

hydrate (C) intake on sperm production and viability in

N. cinerea and the resulting effects on male fertility. In total,

we conducted three separate experiments. In our first exper-

iment, we restricted male cockroaches to feed on one of 24

artificial, holidic diets during sexual maturation to quantify

the effects of P and C intake on sperm number and sperm viability

(experiment 1). Next, we restricted a second group of male cock-

roaches to feed on these diets during sexual maturation and then

mate them to avirgin female. These females were then maintained

on a standard diet until parturition and offspring counted to

quantify the effects of P and C intake on male fertility (experi-

ment 2). In our final experiment, we gave males the choice

between alternate diets in four diet pairings to determine whether

they regulate their intake of P and C to optimize sperm

production, sperm viability and/or subsequent fertility.
2. Material and methods
(a) Experimental animals
Animals used in experiments were taken from a laboratory

colony of N. cinerea with over 200 000 individuals housed in 10

large plastic containers (80 � 50 � 30 cm) in an incubator set at

28+ 18C and a 14 L : 10 D lighting regime. Colonies are fed

weekly with dry rat chow and given water in two large test

tubes (15 cm long, 4 cm diameter) plugged with cotton wool.

To maintain genetic diversity, several hundred individuals are

swapped between containers every two months when cleaned.

Late instar nymphs were collected at random from each

of these containers and sorted into two smaller containers

(17 � 12 � 6 cm) by sex. These containers were checked daily

and any newly eclosed adults removed. Newly eclosed females

were kept as mating partners and housed in individual contain-

ers (11 � 11 � 3 cm), and fed an ad libitum supply of commercial

rat chow and provided with water in a small test tube (8 cm long,

1.5 cm diameter) plugged with cotton wool. Newly eclosed

males were housed in individual containers (20 � 10 � 10 cm)

and haphazardly assigned to an experiment, and a diet (exper-

iment 1 and 2) or a combination of diets (experiment 3) within

experiments, on their day of eclosion. All experimental animals

were maintained in a large, constant-temperature room set at

28+ 18C and a 14 L : 10 D lighting regime.

(b) Artificial diets and measuring diet intake
We made 24 artificial, dry diets that varied in P and C, as well as

overall nutrition, based on the established protocol outlined by

http://rspb.royalsocietypublishing.org/
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Simpson & Abisgold [44]. The distribution of these diets in nutri-

tional space can be seen in the electronic supplementary material,

figure S1, and the composition of these diets in the electronic

supplementary material, table S1. These represent the same 24

diets used by South et al. [45].

Each experimental male was given either one (experiment

1 and 2) or two (experiment 3) dishes of diet of measured dry

weight on their day of eclosion, and diet was changed every

5 days for a total of 10 days post-eclosion (i.e. two feeding

periods) when males were sexually mature. Food and water

were provided in feeding platforms constructed by gluing the

upturned lid of a vial (1.6 cm diameter, 1.6 cm deep) onto the

middle of a Petri dish (5.5 cm diameter). Any diet that spilled

during feeding was collected in the Petri dish and weighed. All

diets were dried in an oven (Binder, model FD 115) at 308C for

48 h before weighing. Feeding platforms containing diet were

weighed before and after each feeding period using an electronic

balance (Ohaus Explorer Professional, model EP214C). Before

weighing, any faeces were removed from the diet and feeding

platform using forceps. Diet consumption was calculated as the

difference in dry weight of diet before and after feeding. This

amount of consumed diet was converted to a weight of P and

C ingested by multiplying by the proportion of these nutrients

in the diet [45].

(c) Experiment 1: the effects of nutrient intake on
sperm number and viability

To determine the effects of P and C intake on sperm number and

viability, 15 males were established at random on each of the

24 diets (total n ¼ 360 males) on their day of eclosion. Males

were fed for 10 days and then mated to a virgin female of the

same age. After mating, females were dissected and the sperma-

tophore removed. The sperm-containing ampulla was detached

from the spermatophore with fine forceps and crushed in

200 ml of cockroach ringer solution (150 mM NaCl, 3.1 mM

KCl, 85.4 mM CaCl, 2.0 mM MgCl, 5 mM TES) using a pipette

tip [40]. This sperm sample was mixed by hand for 1 min, and

then a 10 ml sample was diluted in 500 ml of deionized water.

This diluted sample was mixed by hand for a further 1 min,

and six 5 ml subsamples were placed on slides with coverslips.

To quantify the number of sperm produced, the subsamples

were viewed under 10� magnification using phase contrast on

a fluorescent microscope (Olympus, BX61) fitted with a digital

camera (Olympus, DP70), and the total number of sperm in

each subsample was counted and converted back to the original

sample volume. In a subset of 20 males, our estimate of sperm

number was shown to be highly repeatable using this sampling

procedure (repeatability ¼ 0.93, 95% CI: 0.89, 0.97) [46]. The

mean number of sperm across these subsamples was used in

all subsequent analyses.

To quantify sperm viability, 175 ml of the original sperm

sample was stained using a commercially available live/dead

sperm viability kit (Life Technologies, L-7011) following the

instructions provided with the kit. Two 5 ml subsamples were

placed on a slide with coverslip and viewed using an Olympus

BX51 fluorescent microscope under 20� magnification. To

measure the viability of sperm produced, the number of live

(green) and dead (red) sperm on five haphazardly chosen

fields of view of each subsample were counted (a total of 10)

[34]. Sperm viability was calculated as the proportion of live

sperm out of the total number of sperm counted. It is important

to note, however, that this sperm viability assay may not provide

a good indication of which sperm have the capacity to fertilize an

egg, because even non-motile sperm can be categorized as live

[47]. In a subset of 20 males, our estimate of sperm viability

was shown to be highly repeatable using this sampling pro-

cedure (repeatability ¼ 0.78, 95% CI: 0.64, 0.91). The mean
number of sperm across these subsamples was used in all

subsequent analyses.

(d) Experiment 2: the effect of nutrient intake on male
fertility

To determine the effects of P and C intake on male fertility, 20

males were established at random on each of the 24 diets (total

n ¼ 480 males) on their day of eclosion to adulthood. Males

were fed for 10 days and then mated with a virgin female of

the same age. Females were then returned to their individual

boxes and provided with an ad libitum diet of rat chow and

water, and maintained until parturition. Water and food were

replaced, and the container cleaned weekly. On the day of

parturition, the number of babies produced by each female

was recorded. A total of 44 females aborted their clutch

during this experiment. As this incidence of clutch abortion

was unrelated to the P and C intake of their mating partner

(table 1), these females were excluded from subsequent analyses

of male fertility.

(e) Experiment 3: measuring nutrient intake under
choice

A total of 60 males were assigned haphazardly to one of four

possible diet pairings (n ¼ 15 per diet pair) that differ in both

P : C ratio and total nutrition (%P þ %C). The diet pairings we

used (P : C ratio followed by total nutrition percentage in par-

entheses) were: pair 1, 5 : 1 (36%) versus 1 : 8 (36%); pair 2, 5 : 1

(36%) versus 1 : 8 (84%); pair 3, 5 : 1 (84%) versus 1 : 8 (36%);

and pair 4, 5 : 1 (84%) versus 1 : 8 (84%). This corresponds to

diets 2, 4, 22 and 24 in electronic supplementary material, table

S1 and provides a broad coverage in nutrient space (electronic

supplementary material, figure S1). Diet consumption and

intake of P and C were measured over a 10-day period for each

cockroach using the protocol described above.

( f ) Statistical analysis
We quantified the linear and nonlinear (quadratic and correla-

tional) effects of P and C intake on sperm number, sperm

viability and male fertility using a multivariate response surface

approach (outlined in the electronic supplementary material, text

S1) [45]. Non-parametric thin-plate splines were used to visualize

the nutritional landscape for each response variable and were

constructed using the Tps function in the ‘FIELDS’ package in

R (version 2.13.0).

We used a sequential model-building approach to determine

whether the linear and nonlinear effects of P and C intake dif-

fered across our response variables (outlined in the electronic

supplementary material, text S2) [45]. While this sequential

approach provides a statistic test of the difference in magnitude

of the linear and nonlinear gradients across response variables,

it does not provide information on the direction of this difference

in nutrient space. Thus, it is possible that response variables

show differences in the magnitude of linear and nonlinear gradi-

ents, even though the optimal expression of these traits resides in

a similar location in nutrient space. Consequently, we also calcu-

lated the angle (u) between the linear vectors for the two

response variables being compared as

u ¼ cos�1 a � b
k a kk b k

� �
, (2:1)

where a represents the linear effects of P and C intake in the first

response variable being compared, b represents the linear effects

of these nutrients for the second response variable, k a k¼
ffiffiffiffiffiffiffiffi
a � a
p

and k b k¼
ffiffiffiffiffiffiffiffi
b � b
p

:When u ¼ 08, the vectors are perfectly aligned,

and the optima for the two response variables reside in the same

http://rspb.royalsocietypublishing.org/


Table 1. The effect of protein (P) and carbohydrate (C) intake on sperm number and viability in male N. cinerea and the effect on the number of offspring
produced by their female mating partner.

response
variable

linear effects nonlinear effects

P C P 3 P C 3 C P 3 C

sperm number

gradient (95%CI) 0.18 (0.12, 0.25) 0.70 (0.63, 0.77) 20.04 (20.08, 0.00) 20.30 (20.33, 20.26) 0.51 (0.43, 0.59)

t359 5.22 19.82 2.19 16.48 12.29

p 0.0001 0.0001 0.03 0.0001 0.0001

sperm viability

gradient (95%CI) 20.06 (20.17, 0.05) 20.03 (20.14, 0.08) 0.00 (20.08, 0.08) 20.02 (20.10, 0.05) 0.03 (20.14, 0.19)

t359 1.10 0.53 0.04 0.62 0.31

p 0.27 0.60 0.97 0.54 0.76

offspring numbera

gradient (95%CI) 0.14 (0.06, 0.22) 0.55 (0.47, 0.62) 20.06 (20.10, 20.02) 20.22 (20.26, 20.17) 0.35 (0.23, 0.47)

t435 3.41 13.87 2.82 9.09 5.61

p 0.001 0.0001 0.005 0.0001 0.0001
aFemales that aborted clutches (n ¼ 44) were removed from the analysis. A randomization test, where females that aborted their clutch were assigned a value
of 1 and those that did not were assigned a value of 0, showed that the incidence of clutch abortion was unrelated to the intake of P or C (P: 491/10000,
p ¼ 0.10; C: 2746/10000, p ¼ 0.55; P � P: 6128/10000, p ¼ 0.77; C � C: 9490/10000, p ¼ 0.10; P � C: 940/10000, p ¼ 0.19).
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location in nutrient space, whereas u ¼ 1808 represents the maxi-

mum possible divergence between vectors. To determine the

significance of u, we estimated the 95% credible interval (CI)

of this angle using a Bayesian approach implemented in

the ‘MCMCglmm’ package of R. For each response variable

(R), we ran a separate linear model (R � b1P þ b2C þ 1) using

400 000 Markov chain iterations with a burn-in of 20 000, a

thinning interval of 25 and a relatively uninformative prior

(v ¼ 0.02), to create a posterior distribution of b. We used

these distributions in equation (2.1) to generate 15 200 values

for u; the median of these values was used as our point estimate

of u, and the 2.5% and 97.5% quantiles used as our estimate of the

95% CIs. R code for this procedure is provided in the electronic

supplementary material (text S3).

We used a paired t-test to compare the consumption of diets

in each diet pair. As multiple comparisons were used (four in

total), we corrected our significance level using a Bonferroni cor-

rection (adjusted a ¼ 0.0125). We used a multivariate analysis of

variance (MANOVA) to compare the total intake of P and C

across diet pairs in our choice experiment (experiment 3). We

used univariate ANOVAs to determine which nutrient contribu-

ted to the overall multivariate effect of diet pair and pairwise

Tukey’s honest significant difference (HSD) tests to contrast

the total intake of nutrients across specific diet pairs. We calcu-

lated the point in nutritional space that individuals actively

defend when given dietary choice, known as the regulated

intake point, as the mean intake of P and C across these diet

pairs [43].
3. Results
The intake of both P and C had clear linear and nonlinear

effects on the number of sperm produced by a male (table 1

and figure 1a). Sperm number increased linearly with the

intake of both nutrients, although it was over three times

more responsive to the intake of C than P (table 1). The
significant quadratic terms indicate a peak in sperm

number (table 1), and inspection of the nutritional landscape

shows that this peak occurs at high intakes of P and C, centred

around a P : C ratio of approximately 1 : 2 (figure 1a). There

was also a significant positive correlational gradient (table 1),

providing further evidence that an increase in both nutrients

increased sperm number. In contrast to sperm number, the

intake of P and C did not significantly influence sperm

viability (table 1).

Male fertility also increased linearly with the intake of

P and C (table 1). The nutritional landscape for male fertility

shows a high degree of similarity to the landscape for sperm

number, with a peak occurring at high intakes of P and C in a

ratio of approximately 1 : 2 (table 1 and figure 1b). Formal stat-

istical comparison using a sequential model approach

showed that the linear and correlational effects of P and

C on sperm number and male fertility differed significantly

(linear: F2,789 ¼ 5.29, p ¼ 0.005; correlational: F1,783 ¼ 4.60,

p ¼ 0.03), but the quadratic effects of these nutrients did

not (quadratic: F2,785 ¼ 0.59, p ¼ 0.56). The difference in

linear gradients was due to the fact that sperm number was

more responsive to C intake than male fertility (F1,789 ¼

8.13, p ¼ 0.004), whereas both traits were equally response

to the intake of P (F1,789 ¼ 0.64, p ¼ 0.43; table 1). Likewise,

the difference in the correlational gradient was due to a

stronger gradient for sperm number than for male fertility

(table 1). Importantly, however, the peaks for sperm

number and male fertility occur in the same region on the

nutritional landscapes (figure 1a,b), as evidenced by the

small angle (i.e. u is close to 08) between the two linear

vectors (u ¼ 8.718, 95% CI: 6.508, 9.148).
In each diet pair, males consumed significantly more of

the high-C diet than the high-P diet (electronic supplemen-

tary material, figure S2). Accordingly, a MANOVA revealed

that the intake of P and C differed significantly across diet

http://rspb.royalsocietypublishing.org/
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pairs and univariate ANOVAs showed that both nutrients

contributed to this difference (electronic supplementary

material, table S2; figure 2). Although males clearly regulate

their intake of P and C, Tukey’s HSD pairwise contrasts

revealed that the intake of these nutrients was not very

tightly regulated (i.e. there were differences in nutrient

intake across diet pairs; electronic supplementary material,

table S2; figure 2). The regulated intake point was calcula-

ted at an intake of 13.06 (95% CI: 11.60, 14.55) mg of P and

64.61 (54.37, 74.22) mg of C, which equates to a P : C ratio

of 1: 4.95 (figure 2). This regulated intake point does not cor-

respond with the peaks for sperm number or male fertility

(figure 1), and therefore demonstrates that the regulation of

P and C intake is not optimal for these traits.
4. Discussion
Here, we used nutritional geometry to examine the effect of P

and C intake on ejaculate characteristics (sperm number and

viability) and subsequent fertility in male N. cinerea. We

found a clear effect of P and C intake on the number of

sperm produced by a male, being maximized at a high

intake of diets with a P : C ratio of 1 : 2. This change in
sperm production with nutrient intake also had significant

implications for male fertility, as the nutritional landscapes

for sperm number and male fertility were closely aligned.

In contrast, we found that sperm viability was not signifi-

cantly influenced by the intake of P and C, suggesting that

this trait is either not costly to maintain as an adult or is regu-

lated by factors other than the intake of these nutrients. When

given dietary choice, males showed a clear preference for the

intake of C and regulated their intake of nutrients at a P : C

ratio of 1 : 4.95. Collectively, these findings demonstrate that

sperm production is costly and dependent on the balanced

intake of P and C in N. cinerea, but males do not optimize

sperm production when given dietary choice.

The intake of P and C has clear effects on sperm pro-

duction in N. cinerea. Two lines of evidence suggest that

sperm are costly to produce in N. cinerea. First, we show that

sperm number increased with the overall intake of nutrients

(and therefore calories or energy). Second, we show that

sperm production was maximized at a P : C ratio of 1 : 2.

Thus, it is not only a high intake of nutrients that is important

for sperm production; the intake of P and C must also be

balanced to maximize sperm production in N. cinerea. The

finding that sperm production increases with the overall

intake of nutrients is consistent with more resources being

available to allocate to sperm production, and is in agreement

with studies on Queensland fruitflies [27], red flour beetles

[29], Indian meal moths [30] and D. melanogaster [28]. It con-

trasts, however, with studies on ladybirds [31] and

Mediterranean fruitflies [32], which show a reduction in

sperm number with increased nutrition. One possible reason

for these opposing effects is the variety of dietary manipula-

tions used in these studies. Unlike all these previous studies,

we used holidic diets to precisely vary the P and C content

of diets, and precisely measured the intake of these nutrients

by males in our experiment. Using diets with imprecise or

unknown nutritional composition and ignoring compensatory
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feeding has the potential to greatly influence the intake of

nutrients [48]. Thus, it is possible that the decrease in sperm

number seen in ladybirds [31] and Mediterranean fruitflies

[32] with higher diet quality may actually reflect a suboptimal

intake of nutrients for sperm production in these species. Our

work therefore clearly illustrates the value of using the GF

approach to understand dietary effects on male ejaculates [43].

Our finding that sperm production is maximized at a

high intake of diets with a P : C ratio of 1 : 2 is remarkably

similar to the optima observed for female egg production in

a range of insect species, including D. melanogaster (P : C

ratio ¼ 1 : 2 [49,50]), Queensland fruitflies (P : C ¼ 1 : 2.3

[51]; P : C ¼ 1 : 1 [52]) and field crickets (P : C ¼ 1 : 1 [53]).

This ratio, however, contrasts the optima shown for male

traits used in pre-copulatory sexual selection, such as

nightly calling effort in the black field cricket (Teleogryllus
commodus), which requires a much higher intake of C to

fuel this energetically costly behaviour (P : C ratio ¼ 1 : 8

[53]). In N. cinerea, male–male competition and female

mate choice are mediated by the same three male sex

pheromones (3-hydroxy-2-butanone, 4-ethyl-2-methoxyphe-

nol and 2-methylthiazolidine [54]), and the expression of

these pheromones and subsequent attractiveness is also

optimized at a P : C ratio of 1 : 8 [45] (see the electronic sup-

plementary material, text S4 for a detailed comparison of

our feeding methodologies [45]). Collectively, these find-

ings have two important implications for the evolution of

sperm number in N. cinerea. First, it shows that male

and female gametes share a common requirement for P to opti-

mize their production. While the effect of P intake on sperm

production is largely unknown in insects, it is well documen-

ted in mammals [55]. Second, it demonstrates that the

combination of nutrients that is optimal for sperm produc-

tion is suboptimal for pre-copulatory attractiveness, and vice

versa. This suggests that sperm production is traded against

attractiveness, and that the intake of P and C regulates

this trade-off.

In our study, we quantified male fertility as the number of

offspring produced by a randomly assigned mating partner

in her first clutch. As such, our measure of male fertility is

not only determined by the male, but also has the potential

to be influenced by the female. Despite this, we found that

the nutritional landscapes for male fertility and sperm

number were closely aligned, with both traits being maxi-

mized at a high intake of diet with a P : C ratio of 1 : 2. This

finding strongly suggests that sperm number is a major deter-

minant of male fertility in N. cinerea and agrees with previous

experimental work on this species [35,39]. For example,

Montrose et al. [35] showed that ampulla size decreases sig-

nificantly across four consecutive matings in N. cinerea, and

that this pattern was almost perfectly matched by a decline

in the number of offspring produced by a mating partner in

her first clutch as well as over her lifetime. However, our

experimental design means that we cannot completely rule

out that some of the variation in the nutritional landscape

for male fertility is influenced by contributions from the

female or other constituents of the ejaculate. For example,

female N. cinerea are known to prolong gestation and produce

more female-biased clutches [42] after mating with more

attractive males. This is unlikely, however, to have a major

impact on the nutritional landscape for male fertility, because

male attractiveness is maximized on more C-biased diets

compared with fertility (P : C ratio of 1 : 8 versus 1 : 2 [45]).
Other constituents of the ejaculate also have the potential to

influence the nutritional landscape for male fertility. For

example, male D. melanogaster are more successful in sperm

competition on diets containing medium to high amounts

of protein, probably owing to the increased production of

accessory gland proteins [56]. Accessory glands in cock-

roaches are known to produce a cocktail of chemicals,

including urea [57] and trehalases [58], but whether these

substances influence male fertility or their production varies

with nutrition remains to be tested.

Our work clearly shows that males can optimize both

sperm production and subsequent fertility by consuming a

high intake of diet with a P : C ratio of 1 : 2. Yet, when given

the opportunity to choose between alternate diets, males

actively regulated their intake of nutrients at a P : C ratio of

1 : 4.95. This provides clear evidence that male N. cinerea do

not regulate their intake of P and C to optimize these traits,

and raises the important question: why do males prefer a

C-biased diet when this comes at a direct cost to sperm pro-

duction and fertility? One possible answer is that males

preferentially consume more C to maximize their pre-copula-

tory attractiveness [45]. Given the relatively low risk of sperm

competition in N. cinerea, males may maximize their reproduc-

tive success by mating more frequently rather than maximizing

the number of offspring produced from each mating. Further-

more, a high intake of C is known to extend lifespan in a range

of insect species [49,51–53], so it is possible that preferentially

consuming more C also increases the lifetime reproductive suc-

cess of males. Interestingly, the observed regulated intake point

(P : C ¼ 1 : 4.95) was almost perfectly intermediate between the

P : C ratio maximizing sperm production and fertility (P : C ¼

1 : 2) and that maximizing sex pheromone production and

pre-copulatory attractiveness (P : C¼ 1 : 8 [45]). It is therefore

possible that males regulate their intake of nutrients to balance

the trade-off between these important pre- and post-copulatory

traits, although more work is clearly needed to test this idea.

In contrast to sperm number and male fertility, we found

little effect of P and C intake on sperm viability in N. cinerea.

This result is surprising given that previous work on this

species suggests that sperm viability is likely to be costly to

maintain [35,38]. For example, males increase the viability of

sperm in their ejaculate in response to competitive interactions

with other males [38], and sperm viability also decreases sig-

nificantly across consecutive matings [35]. Similar costs have

also been shown in the Pacific field cricket (Teleogryllus oceani-
cus), where males adjust the viability of sperm in their ejaculate

in response to a variety of cues that signal the risk of sperm

competition [59], and sperm viability is also traded against

immune function [24]. However, despite the important role

that sperm viability plays in biasing the outcome of sperm

competition in insects [13], only a single study has examined

the effect of diet on sperm viability, and found that pollen

restriction had little effect on sperm viability in honeybees

[33]. There are a number of possible reasons why the intake of

P and C did not influence sperm viability in N. cinerea. First,

it is possible that sperm viability is determined more by a

male’s genotype than by the quality of the nutritional environ-

ment experienced as an adult. However, this explanation is

unlikely in N. cinerea, because the heritability of sperm viability

(h2+ s.e.: 0.15+0.15) is much lower than for other ejaculate

characteristics, including sperm number, which showed a

clear response to P and C intake in our study (0.40+0.31

[34]). Second, it is possible that any effect of nutrient intake on
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sperm viability only occurs during juvenile development. In

N. cinerea [40], testis development, and presumably the capacity

to manufacture viable sperm, occurs during the nymph stages.

As this was before males were randomly assigned to diets in our

study, it could explain the observed lack of responsiveness of

sperm viability to adult nutrition. Finally, key nutrients other

than P and C may be responsible for regulating sperm viability

in N. cinerea. In vertebrates, it is well established that various

micronutrients are essential for the production of viable

sperm, including trace minerals (e.g. selenium and zinc), vita-

mins (e.g. vitamins A, E and D) and essential fatty acids (e.g.

phospholipids; reviewed in [55]). Unfortunately, we still

know very little about the role that these micronutrients play

in regulating sperm viability in insects.

In conclusion, our study shows that sperm production is

costly and that a balanced intake of P and C is required

to maximize this important determinant of male fertility in

N. cinerea. The next obvious question to address is: exactly

how costly is sperm production? Answering this question
requires an integrated approach that examines the cost of

sperm production in relation to other important life-history

traits. While we have not taken this approach here, our

study does highlight the potential utility of the GF in addres-

sing this fundamental question. For example, by using the

same geometrical array of holidic diets, we now know that

the optimal balance of P and C intake is different for

sperm production and pre-copulatory attractiveness in male

N. cinerea. Our future work therefore plans to continue

using the GF approach to further improve our understanding

of how costly sperm production is in this species.

Data accessibility. All data are provisionally stored at doi:10.5061/dryad.
n40m6.

Acknowledgements. We thank Clarissa House and David Hosken for
comments on the manuscript, and Corrina Lowry for assistance in
maintaining cockroach cultures.

Funding statement. C.R.A. and J.R. were supported by NERC student-
ships awarded to J.H. J.H. was funded by NERC, BBSRC and a
Royal Society Fellowship and Equipment Grant.
144
References
1. Togashi T, Cox PA. 2011 The evolution of anisogamy:
a fundamental phenomenon underlying sexual
selection. Cambridge, UK: Cambridge University Press.
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Calhim S, Birkhead TR. 2011 Resolving variation in
the reproductive tradeoff between sperm size and
number. Proc. Natl Acad. Sci. USA 108, 5325 – 5330.
(doi:10.1073/pnas.1009059108)

18. Van Voorhies WA. 1992 Production of sperm reduces
nematode lifespan. Nature 360, 456 – 458. (doi:10.
1038/360456a0)

19. Olsson M, Madsen T, Shine R. 1997 Is sperm really
so cheap? Costs of reproduction in male adders,
Vipera berus. Proc. R. Soc. B 264, 455 – 459. (doi:10.
1098/rspb.1997.0065)

20. McNamara KB, Lieshout E, Jones TM, Simmons LW.
2013 Age-dependent trade-offs between immunity
and male, but not female, reproduction. J. Anim.
Ecol. 82, 235 – 244. (doi:10.1111/j.1365-2656.2012.
02018.x)

21. Sella G, Lorenzi MC. 2003 Increased sperm
allocation delays body growth in a protandrous
simultaneous hermaphrodite. Biol. J. Linn. Soc. 78,
149 – 154. (doi:10.1046/j.1095-8312.2003.00167.x)

22. Warner RR, Shapiro DY, Marcanato A, Petersen CW.
1995 Sexual conflict: males with highest mating
success convey the lowest fertilization benefits to
females. Proc. R. Soc. Lond. B 262, 135 – 139.
(doi:10.1098/rspb.1995.0187)

23. Simmons LW, Tinghitella RM, Zuk M. 2010
Quantitative genetic variation in courtship song and
its covariation with immune function and sperm
quality in the field cricket Teleogryllus oceanicus.
Behav. Ecol. 21, 1330 – 1336. (doi:10.1093/beheco/
arq154)

24. Dowling DK, Simmons LW. 2012 Ejaculate
economics: testing the effects of male sexual history
on the trade-off between sperm and immune
function in Australian crickets. PLoS ONE 7, e30172.
(doi:10.1371/journal.pone.0030172)

25. Coulter G, Cook R, Kastelic J. 1997 Effects of dietary
energy on scrotal surface temperature, seminal
quality, and sperm production in young beef bulls.
J. Anim. Sci. 75, 1048 – 1052.

26. Olsen J, Ramlau-Hansen CH. 2012 Dietary fats may
impact semen quantity and quality. Asian J. Androl.
14, 511 – 512. (doi:10.1038/aja.2012.52)

27. Perez-Staples D, Harmer AM, Collins SR, Taylor PW.
2008 Potential for pre-release diet supplements to
increase the sexual performance and longevity of
male Queensland fruit flies. Agric. Forest Entomol.
10, 255 – 262. (doi:10.1111/j.1461-9563.2008.
00385.x)

28. McGraw LA, Fiumera AC, Ramakrishnan M,
Madhavarapu S, Clark AG, Wolfner MF. 2007 Larval
rearing environment affects several post-copulatory
traits in Drosophila melanogaster. Biol. Lett. 3,
607 – 610. (doi:10.1098/rsbl.2007.0334)

29. Fedina TY, Lewis SM. 2006 Proximal traits and
mechanisms for biasing paternity in the red flour
beetle Tribolium castaneum (Coleoptera:

http://dx.doi.org/10.5061/dryad.n40m6
http://dx.doi.org/10.5061/dryad.n40m6
http://dx.doi.org/10.1016/j.tree.2011.12.006
http://dx.doi.org/10.1038/hdy.1948.21
http://dx.doi.org/10.1038/hdy.1948.21
http://dx.doi.org/10.1016/S0169-5347(02)02533-8
http://dx.doi.org/10.1016/S0169-5347(02)02533-8
http://dx.doi.org/10.1371/journal.pone.0016557
http://dx.doi.org/10.1093/beheco/arm003
http://dx.doi.org/10.1098/rspb.2002.2260
http://dx.doi.org/10.1111/j.1469-185X.2011.00175.x
http://dx.doi.org/10.1093/beheco/ars138
http://dx.doi.org/10.1016/S0960-9822(01)00647-9
http://dx.doi.org/10.1086/519404
http://dx.doi.org/10.1086/519404
http://dx.doi.org/10.1007/s00265-013-1662-y
http://dx.doi.org/10.1007/s00265-013-1662-y
http://dx.doi.org/10.1007/s10329-005-0171-7
http://dx.doi.org/10.1073/pnas.1009059108
http://dx.doi.org/10.1038/360456a0
http://dx.doi.org/10.1038/360456a0
http://dx.doi.org/10.1098/rspb.1997.0065
http://dx.doi.org/10.1098/rspb.1997.0065
http://dx.doi.org/10.1111/j.1365-2656.2012.02018.x
http://dx.doi.org/10.1111/j.1365-2656.2012.02018.x
http://dx.doi.org/10.1046/j.1095-8312.2003.00167.x
http://dx.doi.org/10.1098/rspb.1995.0187
http://dx.doi.org/10.1093/beheco/arq154
http://dx.doi.org/10.1093/beheco/arq154
http://dx.doi.org/10.1371/journal.pone.0030172
http://dx.doi.org/10.1038/aja.2012.52
http://dx.doi.org/10.1111/j.1461-9563.2008.00385.x
http://dx.doi.org/10.1111/j.1461-9563.2008.00385.x
http://dx.doi.org/10.1098/rsbl.2007.0334
http://rspb.royalsocietypublishing.org/


rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20142144

8

 on January 31, 2017http://rspb.royalsocietypublishing.org/Downloaded from 
Tenebrionidae). Behav. Ecol. Sociobiol. 60,
844 – 853. (doi:10.1007/s00265-006-0228-7)

30. Gage MJG, Cook AP. 1994 Sperm size or numbers?
Effects of nutritional stress upon eupyrene and
apyrene sperm production strategies in the moth
Plodia interpunctella (Lepidoptera: Pyralidae). Funct.
Ecol. 8, 594 – 599. (doi:10.2307/2389920)

31. Perry JC, Rowe L. 2010 Condition-dependent
ejaculate size and composition in a ladybird beetle.
Proc. R. Soc. B 277, 3639 – 3647. (doi:10.1098/rspb.
2010.0810)

32. Blay S, Yuval B. 1997 Nutritional correlates of
reproductive success of male Mediterranean fruit
flies (Diptera: Tephritidae). Anim. Behav. 54,
59 – 66. (doi:10.1006/anbe.1996.0445)

33. Stürup M, Baer-Imhoof B, Nash DR, Boomsma JJ,
Baer B. 2013 When every sperm counts: factors
affecting male fertility in the honeybee Apis
mellifera. Behav. Ecol. 24, 1192 – 1198. (doi:10.
1093/beheco/art049)

34. Moore PJ, Harris WE, Montrose VT, Levin D, Moore
AJ. 2004 Constraints on evolution and
postcopulatory sexual selection: trade-offs among
ejaculate characteristics. Evolution 58, 1773 – 1780.
(doi:10.1111/j.0014-3820.2004.tb00460.x)

35. Montrose VT, Harris WE, Moore PJ. 2004
Sexual conflict and cooperation under naturally
occurring male enforced monogamy. J. Evol. Biol.
17, 443 – 452. (doi:10.1046/j.1420-9101.2003.
00654.x)

36. Harris WE, Moore PJ. 2005 Sperm competition and
male ejaculate investment in Nauphoeta cinerea:
effects of social environment during development.
J. Evol. Biol. 18, 474 – 480. (doi:10.1111/j.1420-
9101.2004.00816.x)

37. Harris WE, Moore AJ, Moore PJ. 2007 Variation in
sperm size within and between ejaculates in a
cockroach. Funct. Ecol. 21, 598 – 602. (doi:10.1111/j.
1365-2435.2007.01248.x)

38. Montrose VT, Harris WE, Moore AJ, Moore PJ. 2008
Sperm competition within a dominance hierarchy:
investment in social status vs. investment in
ejaculates. J. Evol. Biol. 21, 1290 – 1296. (doi:10.
1111/j.1420-9101.2008.01570.x)

39. Edvardsson M, Hunt J, Moore P, Moore A. 2008
Female agreement over male attractiveness is not
affected by cost of mating with experienced males.
Behav. Ecol. 19, 854 – 859. (doi:10.1093/beheco/
arn047)

40. Roth LM. 1964 Control of reproduction in female
cockroaches with special reference to Nauphoeta
cinerea—I. First pre-oviposition period. J. Insect
Physiol. 10, 915 – 945. (doi:10.1016/0022-
1910(64)90082-4)

41. Moore AJ, Gowaty PA, Wallin WG, Moore PJ. 2001
Sexual conflict and the evolution of female mate
choice and male social dominance. Proc. R. Soc. Lond.
B 268, 517 – 523. (doi:10.1098/rspb.2000.1399)

42. Moore A, Gowaty P, Moore P. 2003 Females avoid
manipulative males and live longer. J. Evol. Biol. 16,
523 – 530. (doi:10.1046/j.1420-9101.2003.00527.x)

43. Simpson SJ, Raubenheimer D. 2012 The nature of
nutrition: a unifying framework from animal
adaptation to human obesity. Princeton, NJ:
Princeton University Press.

44. Simpson SJ, Abisgold JD. 1985 Compensation by
locusts for changes in dietary nutrients: behavioural
mechanisms. Physiol. Entomol. 10, 443 – 452.
(doi:10.1111/j.1365-3032.1985.tb00066.x)

45. South SH, House CM, Moore AJ, Simpson SJ, Hunt J.
2011 Male cockroaches prefer a high carbohydrate
diet that makes them more attractive to females:
implications for the study of condition dependence.
Evolution 65, 1594 – 1606. (doi:10.1111/j.1558-
5646.2011.01233.x)

46. Wolak ME, Fairbairne DJ, Paulsen YR. 2012
Guidelines for estimating repeatability. Methods
Ecol. Evol. 3, 129 – 137. (doi:10.1111/j.2041-210X.
2011.00125.x)

47. Birkhead TR, Hosken DJ, Pitnick SS. 2008 Sperm
evolution: an evolutionary perspective. Oxford, UK:
Academic Press.

48. Fanson BG, Yap S, Taylor PW. 2012 Geometry of
compensatory feeding and water consumption
in Drosophila melanogaster. J. Exp. Biol. 215,
766 – 773. (doi:10.1242/jeb.066860)

49. Lee KP, Simpson SJ, Clissold FJ, Brooks R, Ballard
JWO, Taylor PW, Soran N, Raubenheimer D. 2008
Lifespan and reproduction in Drosophila: new
insights from nutritional geometry. Proc. Natl Acad.
Sci. USA 105, 2498 – 2503. (doi:10.1073/pnas.
0710787105)
50. Reddiex AJ, Gosden TP, Bonduriansky R, Chenoweth
SF. 2013 Sex-specific fitness consequences of
nutrient intake and the evolvability of diet
preferences. Am. Nat. 182, 91 – 102. (doi:10.1086/
670649)

51. Fanson BG, Weldon CW, Pérez-Staples D, Simpson
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