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Abstract 

Sexual selection can operate both before and after mating. For males, selection will 

favor a suite of traits involved in mate acquisition (precopulatory) and in the 

competition among ejaculates to fertilize eggs (postcopulatory). Sperm competition 

theory predicts a trade-off between investment in pre- and postcopulatory traits, 

thus generating negative correlations between traits that function during both 

episodes of selection. However, such trade-offs can be difficult to detect because 

they are typically sensitive to the pool of resources available for allocation to 

competing functions. Although theory predicts that trade-offs will be more 

apparent when resources are limiting, there have been few attempts to test this 

prediction. In our study, we used the freshwater fish, Poecilia reticulata, to examine 

how both pre- and postcopulatory sexually selected traits simultaneously respond 

to manipulations of diet quantity by comparing behavioral, ornamental, and 

ejaculate traits between males assigned at random to either a ad libitum or a 

restricted food diet. We also explore how the relationships between traits that 

function during pre- and postcopulatory episodes of selection are affected by these 

treatments. Our results reveal that diet manipulations influenced the expression of 

both precopulatory (sexual behavior and ornamentation) and postcopulatory 

sexually selected traits (sperm viability), reinforcing the importance of resource 

acquisition in sexual selection. However, our data do not support the hypothesis 

that males trade off their allocation towards these pre- and postcopulatory sexually 

selected traits. Instead, changes in the expression of pre- and postcopulatory 

sexually selected traits appear to occur independently. Key words: Dietary 
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manipulation, trade-offs, precopulatory sexual selection, postcopulatory sexual 

selection, Poecilia reticulata 

 

Introduction 

Sexual selection was originally defined as the ‘struggle between the individuals of 

one sex, generally the males, for the possession of the other sex’ (Darwin 1871), 

thus emphasizing the importance of pre-mating competition and mate choice in 

generating variation in (male) reproductive success (Andersson and Simmons 2006). 

We now know that sexual selection frequently occurs after mating has taken place 

because, in most sexually reproducing taxa, females mate with multiple males 

during a single reproductive episode (polyandry, Birkhead et al. 2009; Møller 1998; 

Slatyer et al. 2012). Polyandry provides the opportunity for postcopulatory sexual 

selection via sperm competition, where ejaculates from two or more males 

compete to fertilize a female’s eggs (Parker 1970; Parker 1984; Parker 1998; Parker 

and Pizzari 2010) and/or cryptic female choice, where females influence this 

competition (Eberhard 1996).  

Many recent studies have focused on the interaction between pre- and 

postcopulatory episodes of sexual selection (reviewed by Andersson and Simmons 

2006; Pitnick and Hosken 2010; for recent examples see: Pischedda and Rice 2012). 

In particular, researchers have sought to determine whether postcopulatory sexual 

selection acts in concert with (Evans and Magurran 2001; Evans et al. 2003; Hosken 

et al. 2008; Matthews et al. 1997; Polak and Simmons 2009; Rogers et al. 2008; 
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Sherman et al. 2010), or antagonistically to (Danielsson 2001; Demary and Lewis 

2007; Engqvist 2011; Evans 2010; Simmons and Emlen 2006), selection occurring 

prior to mating. This question is typically addressed by testing for phenotypic or 

genetic correlations between traits involved in pre- and postcopulatory selection, or 

by relating components of male attractiveness to paternity success when ejaculates 

from two males compete for fertilization. The accumulating evidence from these 

studies suggests that the relationship between pre- and postcopulatory sexual 

selection can be mixed, with studies reporting positive reinforcing selection on pre- 

and postcopulatory traits in some species (Evans and Magurran 2001; Evans et al. 

2003; Hosken et al. 2008; Matthews et al. 1997; Polak and Simmons 2009; Rogers et 

al. 2008; Sherman et al. 2010) and negative relationships (indicative of trade-offs) in 

others (e.g. Danielsson 2001; Demary and Lewis 2007; Engqvist 2011; Evans 2010; 

Simmons and Emlen 2006). 

While the reported relationships between pre- and postcopulatory episodes of 

selection are variable, a central prediction of sperm competition theory is that 

investment in traits used to attract mates should trade-off against investment in 

ejaculates (Parker 1998; Tazzyman et al. 2009). Detecting such trade-offs can be 

challenging, however, because variation in the amount of resources available to 

individuals (i.e. resource acquisition) is expected to determine patterns of resource 

allocation. Specifically, individuals with access to unlimited resources will be able to 

allocate to all traits, causing a positive correlation between them, while those on a 

fixed (limited) budget will be constrained to invest in one trait over another, 

generating a negative correlation between traits (Van Noordwijk and Dejong 1986). 
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This may help to explain why negative correlations between traits are not always 

observed, even when trade-offs are expected (e.g. Caruso et al. 2012; King et al. 

2011; see also Shutler 2011). Although there is accumulating evidence that 

experimental reductions in resource availability can expose trade-offs involving 

sexually-selected traits (e.g. Cordero 2000; Gustafsson et al. 1995; King et al. 2011; 

Kolluru and Grether 2005; Wagner et al. 2012), few studies have employed similar 

approaches to examine how resource availability influences the relationships 

between the traits involved in both pre- and postcopulatory episodes of sexual 

selection (see Lewis et al. 2011; Lewis and Wedell 2007). 

The guppy, Poecilia reticulata, is a polyandrous livebearing fish that is emerging 

as an important evolutionary model for exploring the relationship between pre- and 

postcopulatory sexually selected traits (Evans et al. 2011). These fish are sexually 

dimorphic, with males exhibiting complex color patterns composed of orange 

(carotenoid and pteridine), iridescent (structural), and black (melanin based) spots 

(Houde 1997). During courtship, males perform ritualized courtship displays 

(termed sigmoid displays) to reveal these highly polymorphic color patterns to 

receptive females (Houde 1997). During such displays, black spots typically increase 

in size, while black lines often appear and accentuate other color spots which 

themselves do not change during courtship (Houde 1997). Males can also employ a 

coercive mating tactic, termed gonopodial thrusting, when females are unreceptive 

to these displays (Houde 1997). A number of studies have revealed that traits 

subject to precopulatory sexual selection, including the intensity of courtship 

display and the area of orange in the male’s color patterns, are positively 
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(phenotypically) correlated with several ejaculate traits, including sperm number, 

sperm swimming velocity and the proportion of live sperm per ejaculate (sperm 

viability) (Locatello et al. 2006; Matthews et al. 1997; Pitcher et al. 2007). More 

recent work on poeciliid fishes has confirmed that these ejaculate traits (number, 

speed, viability) are important predictors of paternity when the sperm from two 

males are artificially inseminated into virgin females during sperm competition 

trials (Boschetto et al. 2011; Smith 2012). Together, these findings may explain why 

sperm competition favors males with relatively high levels of orange (Evans et al. 

2003; Pilastro et al. 2002; Pilastro et al. 2007; Pitcher et al. 2003) and 

correspondingly high levels of courtship (Evans and Magurran 2001). However, the 

evidence for positive phenotypic correlation between the expression of pre- and 

postcopulatory sexually selected traits in guppies is countered by quantitative 

genetic analyses indicative of a genetically based trade-off between certain 

components of male sexual attractiveness (the area of iridescent structural 

coloration) and sperm quality (swimming velocity and viability) (Evans 2010). While 

these apparently contrasting findings may reflect the different traits considered, 

they may also reflect differences in the level of resource availability between 

experiments, which has yet to be explored as a factor underlying the relationships 

between pre- and postcopulatory sexual traits in this species.  

In the present study we use guppies to determine how resource availability 

influences the relationship between pre- and postcopulatory sexual selection. 

Specifically, we examine how both pre- and postcopulatory sexually selected traits 

simultaneously respond to manipulations of diet quantity by comparing behavioral, 
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ornamental, and ejaculate traits between males assigned at random to either a ad 

libitum or restricted food diet treatment. We predicted that males fed ad libitum 

would allocate to both pre- and postcopulatory traits, thus potentially generating 

positive correlations between them, while those fed a restricted diet would be 

more likely to trade-off their dietary resources, thus resulting in a negative 

correlation between these traits in this group.  

 

Materials And Methods 

Focal population and experimental diets 

All fish were descendants of wild-caught guppies collected from the Alligator Creek 

River, Queensland, Australia in May 2006 (i.e. ca. 12-15 generations in captivity 

when this experiment was performed). Throughout this time the fish were 

maintained as a large (ca. 1500 fish) outbred population to avoid inbreeding. Stock 

populations were maintained at 26°C on a 12:12 h light-dark cycle and fed Artemia 

salina nauplii daily. Males used for the experiment were taken at random from 

these mixed sex stock aquaria and placed individually into 2L tanks from which they 

had visual (but not physical) access to two adult females (to stimulate normal 

mating behavior and sperm production; Bozynski and Liley 2003). Opaque screens 

placed between adjacent tanks prevented visual interactions among males. 

Experimental males (n=90) were assigned at random to one of two experimental 

diet groups: ad libitum (n=45) and food restricted (n=45). Males were chosen in 

order to minimize size differences between groups (see below and table 1). Males 

assigned to the ad libitum group were fed ca. 150 fresh Artemia nauplii twice daily, 
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six days per week. We chose this amount following preliminary trials which 

confirmed that fish fed this quantity of Artemia foraged constantly for eight to 10 

minutes but rarely finished all nauplii during this time. Fish assigned to the 

restricted food group were fed one third of the amount of the ad libitum group (ca. 

50 Artemia nauplii) twice daily, six days per week (Grether et al. 2008; Kolluru et al. 

2009). These fish invariably finished the nauplii within five minutes. We 

standardized the concentration of Artemia nauplii each day and adjusted the 

volume using a micropipette to ensure that food quantities did not differ among 

males within each group throughout the feeding trials. The diet trials (prior to 

behavioral observations; see below) lasted approximately one month (33.81 days ± 

1.31 SD; range: 32-39 days) and this period did not differ significantly in duration 

between treatments (Student t-test: t88=-0.402, P=0.689). 

 

Behavioral observations 

Following the diet treatments, the sexual behavior of males was observed between 

08:30 and 14:30, which corresponds with the peak period of sexual activity in this 

species (Houde 1997). For these trials we used eight replicate observation tanks 

(28.5 x 14.5 x 19 cm, filled to 15 cm), each containing aquarium gravel and lit by 

overhead fluorescent tubes (Philips Lifemax TL-D 36W/840 Cool White). In each 

trial a non-virgin female from a mixed sex (stock) aquarium was placed in the tank 

and allowed to settle overnight. Females were approximately matched for size (by 

eye) across trials and used only once. The following day, an experimental male was 

placed in the aquarium and observations began after five minutes or when the male 
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began to show sexual interest to the female (actively court, perform thrusts or 

chase the female). During each 15 minute trial we recorded male mating behavior 

as the number of sigmoid displays (courtship behavior during which males arch 

their body in a characteristic s-shaped posture and quiver), forced mating attempts 

(termed ‘gonopodial thrusts’, where males approach females from behind and 

attempt to force copulations without prior courtship or female solicitation), and the 

time spent by the male courting, thrusting or chasing the female (a measure of the 

male’s overall sexual interest in the female, hereafter ‘sexual activity’). (Note that 

the latter measure of ‘sexual activity’ is likely to incorporate variance attributable to 

both the frequency of sigmoid displays and gonopodial thrusts.) After each trial 

males were returned to their individual tanks under the same diet treatment for a 

further week before measuring their body size and color patterns and conducting 

the sperm analyses (see below). This period of isolation ensured that males would 

have fully replenished their sperm supplies (following any loss due to sexual 

behavior during the behavioral trials) prior to sperm counts and sperm analyses 

(Bozynski and Liley 2003; Gasparini et al. 2009). 

 

Male body size and area of color patterns 

Male body size and color ornaments were measured 40.73 days (± 1.4 SD; range: 

38-42 days) after commencing the diet treatments and this time period did not vary 

between treatments (Student t-test; t87=0.021, P=0.98). Males were euthanized 

humanely and their body surface gently dried with blotting paper. Each male was 

then photographed under standard lighting conditions (two 13 W fluorescent bench 
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lamps) against a measurement scale on a white background using a digital camera 

(Canon EOS 400D). From these photographs we used ImageJ software 

(http://rsbweb.nih.gov/ij/) to measure body size and the total area of the colored 

spots. Measurements were made on the left side of each male’s body and included 

body area (including caudal fin but excluding dorsal fin) and standard length 

(distance in mm from the snout to the base of caudal peduncle; hereafter ‘SL’). We 

also measured the total area of orange and yellow carotenoid and pteridine spots 

(hereafter ‘orange’), structural iridescent spots (blue, green, violet, hereafter 

‘iridescent’), and melanic black spots.  

 

Spectral analysis of color patterns 

Immediately after the photography, we measured the spectral reflectance of the 

iridescent and orange color patterns. We performed all the measurements in a dark 

room using a USB-4000 spectrometer (Ocean Optics, Inc., USA) and a miniature 

Deuterium Tungsten light source (Analytical Instrument Systems, Inc., NJ; range 

200-1700 nm). Illumination was provided at 45° to the left side of the fish with a 

600 µm fiber optic cable. The detector probe (Ø = 400 µm) was situated 

orthogonally to the illuminating probe and focused with a UV/VIS collimating lens 

(range: 200-2000 nm) to sample a 1 mm diameter in the illuminated area. The 

detector and light source were placed 16 mm and 3 mm, respectively from the fish’s 

body. Each fish was placed on a sloped, black Perspex block to ensure that the body 

was presented flat to the detector and light source. The block was positioned on a 

vertically adjustable photography stand so that the distance between the fish and 
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illumination/detection probes could be finely controlled. Calibration was performed 

relative to a dark and white standard (WS-1, Ocean Optics) before each male was 

measured. One orange and one iridescent spot per male were measured three 

times each (Kemp et al. 2008), selecting different positions close to the center of 

the largest spot in each case. Measurements were performed quickly (within 

approx. 4 minutes of the death of the individual) to minimize any fading in color 

pattern reflectance (Gray et al. 2011). Spectral data were collected using 

SpectraSuite software (OceanOptics) and subsequently analyzed using AVICOL 

software (freely available at https://sites.google.com/site/avicolprogram/)(Gomez 

2006). The latter software package collates data from multiple Spectrasuite files 

and performs basic functions such as interpolation, correction (e.g. smoothing 

‘noisy’ spectra), averaging reflectance measures and calculating ‘color indices’ (see 

A1 in additional material for more information).  

As guppies have photoreceptors that are sensitive to light in the ultraviolet 

wavelength range (300-400 nm), we considered data in the UV-visible wavelength 

range (300-700 nm) and discarded data outside this interval (Kemp et al. 2008; 

Kemp et al. 2009; Smith et al. 2002; Young et al. 2010). We then reduced each 

spectrum (from the ≈ 3,600 data points originally collected) by averaging over 5 nm 

intervals to obtain 81 measures of reflectance for each sample (Montgomerie 

2006). For each male we averaged the three spectral measurements for each spot 

(for orange and iridescent patches separately). To examine the spectral 

characteristics of orange and iridescent spots, we used principal component 

analysis (PCA) (Cuthill et al. 1999; Grill and Rush 2000). PCAs were performed for 

https://sites.google.com/site/avicolprogram/
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orange and iridescent color patches separately, using all males in the analyses. We 

only considered principal components with eigenvalues greater than one and 

obtained two PCs for orange spots (OR-PC1-2) and four PCs for iridescent spots (IR-

PC1-4). Principal component 1 typically accounts for a large proportion (≈ 90%) of 

the variability observed in the PCA and correlates with brightness (see A1 in 

additional material), while subsequent PCs represent the shape (e.g. hue and 

chroma) of the reflectance spectrum (Cuthill et al. 1999). As expected, the first 

principal components for both orange and iridescent spots (OR-PC1 & IR-PC1) were 

positively correlated with brightness across the 300-700 nm wavelength range. We 

also found that both OR-PC2 and IR-PC2 were positively loaded by the UV part of the 

reflectance spectrum (300-400 nm) and negatively loaded by the long-wavelength 

region of the spectrum (see A1 additional material), thus representing the relative 

amount of short (UV) to long (yellow-red) wavelength light reflected. The spectra 

from the iridescent patches were more variable than those from the orange spots, 

as shown by the large number of PCs obtained (four in total, see A1 additional 

material for a detailed description). As the suitability of a particular method of color 

measurement varies according to the pigment type, the pattern’s biological 

function and the visual system of the species, the use of several methods to 

evaluate colors can be advantageous (Butler et al. 2011). In addition to PCA, we 

therefore used the ‘shape model’ in the software program AVICOL to describe 

overall measures of hue, brightness and chroma from our spectra (see A3; 

additional material).  
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Ejaculate assays 

Sperm collection 

Following the spectrometry, sperm were collected (Matthews et al. 1997) for 

ejaculate assays (baseline sperm counts, and measures of sperm velocity, 

morphology, and viability) largely following the methods of Evans (2009). Briefly, 

males were placed on a glass slide under a dissecting microscope and 40 µl of 

extender medium (207 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl2, 0.49 mM MgCl2, 0.41 

mM MgSO4, 10 mM Tris, pH 7.5) was added to the base of gonopodium. The 

extender medium was used to ensure that sperm were quiescent until activated for 

the sperm velocity measures (Gardiner 1978). Pressure was gently applied to the 

male’s abdomen to eject all sperm. From the ejaculate, eight spermatozeugmata 

(sperm bundles) were extracted for the sperm viability assay (see below). The 

remaining bundles were activated with 40 µl 150 mM KCl solution in 2 mg/l bovine 

serum albumin (Billard and Cosson 1990) for computer-assisted sperm analysis 

(CASA; see below). Sperm bundles not used for CASA and the sperm viability assay 

were collected in a known volume of saline solution and 1% formalin (to prevent 

sperm degradation) and stored at 4°C until counted (see below).  

 

Computer-assisted sperm analysis  

For each ejaculate sample, two sub-samples (each containing three 

spermatozeugmata; approx. 8x104 sperm cells) were tested to estimate the within-

sample (i.e. within-male) repeatability in sperm velocity measures. In both cases, 

the freshly activated samples were placed in a separate well of a 12-cell multitest 
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slide (MP Biomedicals, Aurora, OH, USA) coated with a 1% polyvinyl alcohol to 

prevent sperm from sticking to the glass slide (Wilson-Leedy and Ingermann 2007). 

Each sample was then analyzed using the CEROS Sperm Tracker (Hamilton Thorne 

Research, Beverly, MA, USA) for three standard measures of sperm velocity 

(Boschetto et al. 2011; Evans 2011; Gasparini and Pilastro 2011): average path 

velocity (VAP), which estimates the average velocity of sperm cells over a smoothed 

cell path; straight line velocity (VSL), the average velocity on a straight line between 

the start and the end point of the track; and curvilinear velocity (VCL), the actual 

velocity along the trajectory. The threshold values for defining static cells were 

predetermined at 24.9 µm/s for VAP and VCL, and 15 µm/s for VSL (Evans 2009). An 

average of 84.13±6.24 SE sperm tracks per sample were used to estimate sperm 

velocity. Repeatability (Lessells and Boag 1987) within samples was high for all 

parameters (VAP: r=0.93±0.015 SE; VSL: r=0.93±0.015 SE; VCL: r=0.92±0.018 SE) and 

therefore the mean of the two measures was used for each measure. As sperm 

velocity parameters were positively correlated with each other (Pearson r>0.54, 

P<0.001), we condensed CASA measures with a PCA. We retained one principal 

component (PC1), explaining 83.1 % of variability in the original dataset (see A2 in 

additional material), as a measure of sperm velocity for analysis.  

 

Sperm viability assays 

A live/dead sperm viability kit (Invitrogen, Molecular Probes) was used to estimate 

the proportion of live sperm per stripped ejaculate. Live sperm are labeled green 

(with the membrane-permanent nucleic acid stain SYBR-14) and dead or damaged 
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sperm are labeled red (with propidium iodide, a membrane-non-permanent stain). 

After staining, the samples were observed under a fluorescence microscope and the 

proportion of live and dead spermatozoa were assessed from 200 sperm cells per 

male (see Evans 2009 for detailed protocol). 

 

Sperm number and sperm length measures  

Sperm counts were performed using an improved Neubauer haemocytometer 

under 400x magnification (Leica DM1000 microscope) after vortexing each sample 

for 10 seconds. The average number of sperm present in five squares (side: 0.2 mm) 

in the haemocytometer was used to estimate the total number of sperm in each 

stripped ejaculate (Evans 2009). Sperm counts were corrected to allow for sperm 

that had been removed from each sample for the CASA and viability assays (number 

of sperm per spermatozeugmata are consistent across individuals, see Evans 2009; 

Evans et al. 2003). Photographs of each male’s sperm were obtained under 1000x 

magnification (Leica DM1000 microscope) using a digital camera (Leica DFC320). 

Where possible, 20 undamaged spermatozoa (i.e. sperm in which the head, 

midpiece and flagellum were clearly visible and intact) were analyzed per male 

(mean number of sperm cells analyzed per male=19.58±2.66 SD; range 6–20). 

ImageJ software was used to measure the length of the head, midpiece and total 

sperm length (=flagellum + midpiece + sperm head length) (Gasparini et al. 2010).  

 

Statistical analysis 
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All but one of the males survived until the end of the experiment (i.e. final sample 

size was n=89). The male that died survived until the behavioral trials (i.e. n=90 for 

behavior) but died prior to sperm collection. All data were normally distributed 

except the number of gonopodial thrusts for which a normal distribution was not 

attained even after transformation. Gonopodial thrust data were therefore analyzed 

separately with a non parametric test (Mann-Whitney U-test). For normally 

distributed sexual traits, we first used a multivariate analysis (Multivariate General 

Linear Model, MGLM) to test for an overall effect of diet treatment (fixed factor) on 

total area of orange, black and iridescent spots, color spectral characteristics (OR-

PC1-2 and IR-PC1-4), male behavior (sexual activity and number of sigmoid display), 

sperm number, and the sperm length measures (sperm head, midpiece, flagellum 

and total sperm length), velocity (PC1), and viability (Table 2). Subsequent 

Univariate General Linear Models (GLMs) were used to test for the effect of diet 

treatment (fixed factor) on individual sexually selected traits (all dependent 

variables in separate models; Table 2). We also used a univariate GLM to evaluate 

the effect of diet treatment on male body area with the expectation that males 

assigned to the ad libitum diets would be fatter (greater body area) than their 

counterparts fed the restricted diet. We had an a priori expectation that the 

expression of some (but not all) traits would be linked with standard length. 

Specifically, courtship behavior, sperm number, total spot size and body area are 

positively correlated with fish length (Pitcher and Evans 2001; Rodd and Sokolowski 

1995) so SL was initially included as a covariate for these traits in our univariate 

models. We did not include SL as a covariate in the MANOVA model as there was no 
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expectation that the effect of diet treatment would depend on SL (and standard 

length did not differ significantly between groups; univariate General Linear Model 

[GLM] with standard length as the dependent variable and treatment as fixed 

factor: F1,87= 0.567, P= 0.453; Table 1). In all cases the inclusion of SL as a covariate 

in the univariate GLMs did not change the results and for clarity the effects of this 

parameter are not reported in our final results. We corrected for multiple 

comparisons (see Table 2) using the False Discovery Rates (FDRs) method proposed 

by Benjamini et al. (1995; 2006). 

To quantify the differences between experimental groups, thus defining the 

magnitude of treatment effects, we calculate Cohen’s effect size (Cohen 1988) for 

each trait considered. Finally, we calculated Pearson’s r to test for linear 

correlations between traits. For these tests we restricted our analysis to two 

precopulatory traits that were significantly affected by treatment (number of 

sigmoid displays and orange spot size) and three postcopulatory traits that are 

thought to predict competitive fertilization success in this species (see 

introduction). 

 

Results 

Descriptive statistics of all male traits are reported in Table 1. The food limitation 

treatment had a significant effect on male body area (univariate GLM with body 

area as dependent variable and treatment as the fixed factor: F1,87= 6.162, P= 0.015, 

Cohen's D=0.526), confirming that fish fed ad libitum had fuller body shapes (i.e. 

were fatter) than those on restricted diets. Overall, the diet treatment had a 
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significant effect on the expression of pre- and postcopulatory sexual traits 

(multivariate GLM test results reported in Table 2). Below, we report results from 

univariate GLMs to evaluate the individual effects of diet quantity on these pre- and 

postcopulatory sexual traits. 

 

Univariate tests: Effect of diet on precopulatory male traits 

We found that food-limited males performed fewer sexual (sigmoid) displays and 

exhibited a reduction in sexual activity (spent less time courting or chasing females) 

during the behavioral trials. By contrast, we detected no significant difference in the 

number of gonopodial thrust attempts between the groups (Table 2). We also found 

a highly significant effect of food treatment on the total area of orange spots; males 

fed a restricted diet exhibited a significant reduction in the area of orange spots 

compared to their well-fed counterparts (Table 2). By contrast, we found no 

significant effect of treatment on the total area of iridescent or black spots (Table 

2). Interestingly, despite the effect of diet treatment on the area of orange color 

spots, our multivariate analysis of spot spectral characteristics (described by the 

PCs) revealed no overall differences between the two experimental groups (Table 

2). Analyzing the spectra using the standard color indices available in AVICOL 

(Brightness, Hue and Chroma, Gomez 2006; Montgomerie 2006) similarly yielded 

no significant difference between groups (see A3 in additional material). 

 

Univariate tests: Effect of diet on postcopulatory traits 
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Our univariate analyses revealed a significant effect of diet treatment on sperm 

viability; males fed a restricted diet produced ejaculates comprising a lower 

proportion of live sperm than those fed the ad libitum diet (Table 2). By contrast, 

we found no significant effect of diet treatment on sperm velocity, components of 

sperm (or total) length or the number of sperm within stripped ejaculates (Table 2).  

 

Magnitude of treatment effects 

Analysis of Cohen’s effect size for traits that exhibited significant differences 

between treatments revealed that the effects of treatment were generally large 

(Table 2). In particular, there were large differences in sexual behavior, sperm 

viability and orange spot size, and a medium difference in body size (area). By 

contrast, effect sizes calculated for other traits were relatively small (Table 2). Effect 

size is a measure of the strength of the difference between groups (Cohen 1988) 

and indicates, independently from the significance level of the statistical test used, 

the extent to which the groups differ. 

 

Correlations between pre- and postcopulatory traits 

We limited our analysis of correlations between pre- and postcopulatory sexually 

selected traits to those that were significantly affected by the diet treatment and 

have been shown to be correlated in this species (see introduction; Table 3). We 

found no evidence for negative correlations between pre-and postcopulatory traits 

in food restricted group. Moreover, we found a significant positive correlation 

between the number of courtship displays and the number of sperm in the 
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ejaculate of males from both food restricted and ad libitum treatments (Table 3). 

This suggests that the reduction in sigmoid displays observed in the food-restricted 

males was independent of their investment in numerical sperm production (which 

was not significantly different between groups). 

 

Discussion 

Our results reveal that short-term dietary manipulations can have an effect on the 

expression of pre- and postcopulatory sexually selected traits. We found that males 

assigned to the food-restricted group exhibited reductions in both behavioral and 

morphological components of their precopulatory sexual displays, including the 

number of courtship displays, sexual activity and the area of orange pigmentation. 

These reductions in precopulatory trait expression were accompanied by 

concomitant reductions in sperm viability. We also found a positive correlation 

between the frequency of courtship displays and the number of sperm in stripped 

ejaculates traits, thus confirming results from previous work (Matthews et al. 1997). 

Contrary to our predictions, dietary stress did not induce any observable trade-offs 

in investment between pre- and postcopulatory traits.  

Previous work on the population from which our study individuals are 

descended suggests that the diet-induced reductions in precopulatory traits 

observed in our study are likely to have important consequences for male 

reproductive fitness. In many guppy populations (Evans et al. 2004; Pilastro et al. 

2004; Rios-Cardenas and Morris 2011), including the source population used here 

(Brooks and Endler 2001), the area of orange pigmentation and intensity of 
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courtship displays are important determinants of male sexual attractiveness. In the 

case of postcopulatory traits, recent findings from controlled (artificial) 

insemination trials on a related poeciliid species (Xiphophorus nigrensis) reveal that 

sperm viability is the primary determinant of competitive fertilization success 

(Smith 2012). Thus, to the extent that sperm viability similarly predicts sperm 

competitiveness in guppies, our finding that traits targeted by pre- and 

postcopulatory sexual selection are influenced by diet leads us to speculate that 

resource availability (i.e. male condition, see Rowe and Houle 1996; Tomkins et al. 

2004) will be an important factor underlying the relative success of individuals 

during pre- and postcopulatory episodes of sexual selection. 

 

Effect of diet on precopulatory traits 

We observed a three-fold reduction in courtship rate in the restricted diet group, 

supporting previous assertions that this component of male sexual behavior is 

costly and therefore a potentially important signal of male condition for females 

during mate choice (Head et al. 2010; Kolluru and Grether 2005; Kolluru et al. 2009; 

Mariette et al. 2006; van Oosterhout et al. 2003). However, in contrast with most of 

these studies (but see Kolluru et al. 2009) we also found that male ‘sexual activity’ 

was influenced by diet. Clearly our measure of sexual activity is likely to be 

confounded to some extent by the frequency of mating behaviors exhibited by 

males (i.e. those that engage in high levels of courtship will also exhibit a high 

sexual activity score). Nevertheless, this finding suggest that in our focal population 

sexual activity may function as a reliable indicator of male condition (see also 
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evidence for similar effects in spiders: Shamble et al. 2009; and in snakes: Shine and 

Mason 2005). Interestingly, we found that the number of forced mating attempts 

(gonopodial thrusts) was unaffected by food limitation. While this finding might 

indicate that males incur relatively low costs during gonopodial thrusts (Houde 

1997), it could also indicate that males direct limiting resources to alternative 

reproductive tactics (i.e. thrusts rather than displays) because males in poor 

condition are unattractive to females irrespective of their level of courtship. 

Notwithstanding the underlying causes for changes (or lack thereof in the case of 

forced mating attempts) in male behavior, we find no evidence for a trade-off 

between these different components of sexual behavior despite the negative 

(genetic) correlation between courtship and sneaking reported previously for this 

population (Evans 2010).  

We also analyzed the spectral properties of male color ornaments, which for 

some traits (notably orange) are known to be important in influencing mate choice 

in guppies (Brooks and Endler 2001; Endler and Houde 1995). Despite our finding 

that the size of orange spots was influenced by diet, we found no evidence that the 

spectral properties of these spots were similarly affected. This result was 

unanticipated in the light of previous work on guppies reporting significant 

condition-dependence in the spectral properties of orange spots, specifically their 

chroma (saturation) and brightness (Grether 2000). Several factors might account 

for the differences between studies. First, in his study, Grether (2000) manipulated 

dietary carotenoid content (i.e. quality) while we focused solely on dietary 

restriction (quantity). Nevertheless, our finding that orange spot area was affected 
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by diet treatment suggests that carotenoids (or other pigments contributing 

towards orange spots such as pteridins) were sufficiently limited in the restricted 

diet. Second, population differences might account for differences between studies. 

Indeed, Grether (2000) reported population variation in the relationship between 

carotenoid intake and pigment spectral characteristics. Third, in Grether’s work 

(2000), dietary manipulations commenced at birth and were of longer duration, 

whereas in our study the males were assigned to the different treatments when 

they were just sexually mature. Finally, pigment deposition may not be uniformly 

reduced in the orange spots, but instead pigmentation may fade from the periphery 

of each color spot. If so, a reduction in the availability of carotenoids may reduce 

the visible area of the orange spots without changing the chromatic characteristics 

in the centre of the spot. Clearly, there is a need to carry out experiments that 

combine manipulations of carotenoid content with the analysis of pigment colors to 

test these ideas further. 

We found no evidence that the area of melanin (black) or iridescent 

pigmentation was affected by the diet manipulations. The latter finding for 

iridescence is consistent with recent work on blue tits (Peters et al. 2011) and may 

be explained because structural colors are generally more stable than pigmented 

color spots except where condition is manipulated during key developmental stages 

of ontogeny (Fox 1976; Kemp and Rutowski 2007; McGraw et al. 2002). Indeed, 

studies involving stress in early developmental stages have revealed condition 

dependence in both melanic and iridescent coloration (see for example Griggio et 

al. 2009 for birds; and Kemp and Rutowski 2007 for insects). An interesting 
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direction for future work will be to explore the effects of diet quality and quantity 

in these traits over a period encompassing key phases of growth and development.  

 

Effect of diet on postcopulatory traits 

Female guppies are polyandrous and postcopulatory sexual selection plays a key 

role in determining male reproductive fitness in this species (Boschetto et al. 2011; 

Evans and Pilastro 2011). Sperm production is generally known to be costly (see for 

example: Nakatsuru and Kramer 1982, for fish; Olsson et al. 1997, for snakes; 

Preston et al. 2001, for mammals; Van Voorhies 1992, for nematodes. Reviewed by: 

Dewsbury 1982; Parker and Pizzari 2010; Wedell et al. 2002) and previous 

inbreeding studies on guppies suggest that some ejaculate traits exhibit condition 

dependence (Zajitschek and Brooks 2010). We therefore anticipated a significant 

reduction in a range of ejaculate traits (quality and number) in food-limited males. 

Our findings for sperm viability were partially consistent with this expectation; we 

observed an almost 10% reduction in the proportion of live sperm in stripped 

ejaculates from food-restricted males compared to their well-fed counterparts. As 

noted above, we speculate that this finding will have implications for male 

reproductive fitness in guppies in the light of evidence that sperm viability is a 

significant predictor of competitive fertilization success in a related poeciliid fish 

(Smith 2012) and the increasing evidence for such relationships in other taxa (Dziuk 

1996; Garcia-Gonzalez and Simmons 2005; Hunter and Birkhead 2002; Rowe and 

Pruett-Jones 2011). 
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Interestingly, we found no evidence that sperm traits other than viability were 

significantly affected by diet treatment, although both sperm number (stripped 

ejaculate size) and sperm velocity (average path velocity) exhibited downward 

trends in the food-restricted group (see Table 1 for averages). Our results for sperm 

number, however, are equivocal, because we were constrained to examine sperm 

production in sexually rested males rather than the allocation of sperm numbers in 

natural ejaculates (e.g. Evans et al. 2003). Exploring male ejaculate allocation 

patterns under varying conditions of resource limitation is clearly a challenge for 

future work, although it is important to note that it would be difficult to attribute 

any observed changes in ejaculate size unambiguously to males given the known 

influence of females on sperm transfer in guppies (Pilastro et al. 2007). 

We detected no significant effect of diet treatment on any of the sperm length 

measures, despite recent evidence from guppies (Gasparini 2009) and other taxa 

(Crean and Marshall 2008; Immler et al. 2010) reporting remarkable levels of 

within-individual plasticity in sperm length. Our results therefore differ to those 

reported for other species where sperm numbers and sperm length have been 

shown to exhibit condition dependence (Gage and Cook 1994; Perry and Rowe 

2010; Simmons and Kotiaho 2002). Nevertheless, as we argue above for iridescent 

structural colors (see discussion above), the lack of any observed effect of diet on 

these traits may potentially arise because our feeding trials did not span key 

developmental phases during ontogeny. However, the fact that our treatments 

would have spanned the entire spermatogenesis cycle (approx. one month, Billard 

and Escaffre 1969), and the observation that sperm number and velocity are 
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extremely labile in guppies (Bozynski and Liley 2003; Gasparini et al. 2009), 

suggests that the duration of our experiment should not have limited our ability to 

detect such changes.  

 

Conclusions  

In conclusion, we show that diet manipulations can have a profound effect on the 

expression of both precopulatory (sexual behavior and ornamentation) and 

postcopulatory sexually selected traits (sperm viability) in guppies. These results 

therefore extend our understanding of condition-dependent expression of sexually 

selected traits in this species (Grether 2000; Karino and Haijima 2004; Kolluru and 

Grether 2005; Kolluru et al. 2009; van Oosterhout et al. 2003) by including traits 

that are under postcopulatory sexual selection. These results lead us to predict that 

the availability of dietary resources will limit mate acquisition and possibly 

competitive fertilization success, although to test both scenarios we need direct 

experimental evidence that dietary restriction reduces (a) male mating success and 

(b) competitive fertilization success when sperm from treated males compete with 

rival ejaculates to fertilize a female’s eggs.  

Despite finding strong effects of diet treatment on the expression of pre- and 

postcopulatory traits, we found no evidence that males trade investment towards 

one episode of selection at the expense of the other, even when resources are 

limiting and such trade-offs are expected (Van Noordwijk and Dejong 1986). This 

finding contrasts with previous quantitative genetic evidence for a trade-off 

between male sexual attractiveness (area of iridescence) and ejaculate quality, 
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although in this previous study phenotypic correlations between pre- and 

postcopulatory traits were also absent, as in the present study (Evans 2010). 

Indeed, our findings are more consistent with previous (phenotypic) evidence from 

guppies showing that male sexual attractiveness (courtship intensity) is positively 

correlated with traits under postcopulatory sexual selection (sperm number, 

Matthews et al. 1997), supporting the idea that high quality males can invest 

relatively more in all traits and thus that pre- and postcopulatory sexual selection 

act concordantly in this species (Evans and Magurran 2001; Evans et al. 2003; 

Pilastro et al. 2004; Pitcher et al. 2003). Nevertheless, trade-offs between pre- and 

postcopulatory traits might yet be exposed through manipulations of other 

resources, and one idea we are currently pursuing is to explore how carotenoid 

availability, which is expected to simultaneously influence both orange spot 

pigmentation and sperm quality (Blount et al. 2001), influences the balance in 

investment between pre- and postcopulatory sexual selection in guppies.  
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Table 1. Mean, standard errors (SE), 95% confidence intervals (CI, in bold) and number 1 

of tested individuals (N) for all traits measured in the two experimental groups. 2 

Original values of sperm velocity (VAP, VSL and VCL) are reported. Traits in italics were 3 

significantly affected by diet treatment. 4 

Trait Restricted  Libitum 
Mean±SE 95% CI N  Mean±SE 95% CI N 

Body Area (mm2) 60.68±1.02 58.63–62.73 44  63.95±0.84 62.26–65.65 45 
Standard Length (mm) 16.11±0.14 15.83–16.40  16.25±0.12 16.01–16.49 
Sexual Activity (min) 3.71±0.57 2.57–4.86 

45 
 9.64±0.63 8.38–10.91 

45 Gonopodial Thrust (n) 3.16±0.72 1.7–4.61  4.42±0.89 2.63–6.22 
Sigmoid Display (n) 6.29±1.31 3.64–8.93  21.18±1.72 17.71–24.64 
Orange Spot Size (mm2) 4.84±0.31 4.2–5.47 

44 
 6.86±0.36 6.13–7.6 

45 Black Spot Size (mm2) 2.23±0.15 1.94–2.53  2.44±0.15 2.14–2.75 
Iridescent Spot Size (mm2) 7.34±0.37 6.6–8.08  7.16±0.37 6.42–7.9 
Orange PC1 -0.13±0.13 -0.39–0.12 

44 

 0.13±0.17 -0.21–0.47 

45 

Orange PC2 -0.05±0.13 -0.3–0.21  0.05±0.17 -0.3–0.39 
Iridescent PC1 0.11±0.18 -0.25–0.47  -0.11±0.12 -0.35–0.12 
Iridescent PC2 -0.05±0.16 -0.37–0.27  0.05±0.14 -0.24–0.34 
Iridescent PC3 -0.1±0.16 -0.41–0.22  0.09±0.14 -0.2–0.38 
Iridescent PC4 -0.17±0.17 -0.51–0.17  0.17±0.13 -0.08–0.42 
VAP (μm/s) 88.00±2.66 82.62–93.39 

38 
 92.16±2.77 86.55–97.77 

40 VSL (μm/s) 77.05±2.74 71.49–82.61  80.83±2.84 75.08–86.58 
VCL (μm/s) 122.53±3.58 115.27–129.78  129.14±3.43 122.19–136.09 
Sperm Head (μm) 3.72±0.02 3.68–3.77 

36 
 3.75±0.02 3.7–3.8 

41 Sperm Midpiece (μm) 3.02±0.04 2.94–3.1  3.04±0.06 2.91–3.16 
Sperm Flagellum (μm) 46.16±0.16 45.83–46.49  45.99±0.15 45.68–46.29 
Sperm Number (x10-6) 3.29±0.49 2.29–4.28 44  3.88±0.44 2.99–4.77 45 
Sperm Viability Index 0.54±0.02 0.51–0.57 38  0.62±0.02 0.59–0.65 41 
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Table 2. Effect of diet treatment on male pre- and postcopulatory sexually selected traits.  5 

Male Trait 
Multivariate Univariate 

Effect size 

 Cohen's D 
(Category) 

Percentile 
Standing 

Percent of 
Nonoverlap 

F(df) p  F(df) p FDRs q 

Behavior 
Gonopodial Thrust (n)*   880.500* 0.278* 0.466  0.232 (S) 58.0 14.7% 
Sexual Activity (min) 

4.990 
(17, 58) 

<0.001 

 49.143(1,88) <0.001 <0.001  1.478 (VL) 93.3 70.7% 
Sigmoid Display (n)  47.391(1,88) <0.001 <0.001  1.980 (VL) 97.7 81.1% 

Color Size 
Orange Spot Size (mm2)  17.647(1,87) <0.001 <0.001  0.891 (L) 82.0 51.6% 
Black Spot Size (mm2)  0.979(1,87) 0.325 0.466  0.209 (S) 58.0 14.7% 
Iridescent Spot Size (mm2)  0.129(1,87) 0.721 0.631  -0.076 (S) 54.0 7.7% 

Color 
Intensity 

Orange PC1  1.541(1,87) 0.218 0.466  0.264 (S) 62.0 21.3% 
Orange PC2  0.213(1,87) 0.645 0.631  0.099 (S) 54.0 7.7% 
Iridescent PC1  1.133(1,87) 0.290 0.466  -0.225 (S) 58.0 14.7% 
Iridescent PC2  0.169(1,87) 0.683 0.631  0.087(S) 54.0 7.7% 
Iridescent PC3  1.029(1,87) 0.313 0.466  0.215(S) 58.0 14.7% 
Iridescent PC4  2.376(1,87) 0.127 0.399  0.326(S) 62.0 21.3% 

Sperm 
Traits 

Sperm Number (x10-6)  0.797(1,87) 0.375 0.492  0.189 (S) 58.0 14.7% 
Sperm Viability Index  13.736(1,77) <0.001 0.002  0.800 (L) 79.0 47.4% 
Sperm Velocity (PC1)  1.481(1,76) 0.227 0.466  0.276 (S) 62.0 21.3% 
Sperm Head (μm)  0.548(1,75) 0.461 0.519  0.172 (S) 58.0 14.7% 
Sperm Middle Piece (μm)  0.063(1,75) 0.802 0.665  0.058 (S) 54.0 7.7% 
Sperm Flagellum Length (μm)  0.599(1,75) 0.441 0.519  -0.176 (S) 58.0 14.7% 
Sperm Total Length (μm)  0.318(1,75) 0.575 0.603  -0.129 (S) 54.0 7.7% 

 6 
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After assessing the overall effect of treatment (multivariate GLM), we tested for an effect of diet on each trait using univariate GLMs 7 

(significant values are shown in bold). Results of the statistical tests are given, along with their associated p-values and degrees of 8 

freedom. False Discovery Rates (FDRs) were used to correct for multiple comparisons (maximum FDR= 0.05) and the value of q 9 

(corrected p) is given. The effect size (Cohen’s D) for each trait is given together with Cohen's Category (VL: very large, L: large, S: 10 

small), the approximate percentile standing and the approximate percent of non overlap. *Number of gonopodial thrusts was 11 

compared between groups (n=90) using a non-parametric test (Mann-Whitney U-tests). 12 
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Table 3. Pearson correlations conducted on pairs of pre- and postcopulatory traits 13 

for males fed food-restricted or ad libitum diets.  14 

Trait Group   Sperm 
Number 

Sperm 
Viability 

Sperm Velocity 
(PC1) 

Sigmoid Display 

Libitum 
Pearson’r 0.362 -0.168 -0.104 

p 0.014 0.294 0.524 
N 45 41 40 

Restricted 
Pearson’r 0.336 0.008 0.134 

p 0.026 0.96 0.422 
N 44 38 38 

Orange Spot 
Size 

Libitum 
Pearson’r -0.128 0.207 -0.064 

p 0.402 0.193 0.694 
N 45 41 40 

Restricted 
Pearson’r 0.052 -0.012 0.137 

p 0.738 0.941 0.413 
N 44 38 38 

Correlation coefficients (r), associated p values (significant values highlighted in 15 

bold) and sample size are reported for each relationship. 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 
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