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Abstract 17 

Ejaculate attributes are important factors driving the probability of fertilizing eggs. When 18 

females mate with several males, competition between sperm to fertilize eggs should 19 

accentuate selection on ejaculate attributes. We tested this hypothesis in the North African 20 

houbara bustard (Chlamydotis undulata undulata) by comparing the strength of selection 21 

acting on two ejaculate attributes when sperm from single males or sperm from different 22 

males were used for insemination. In agreement with the prediction, we found that selection 23 

on ejaculate attributes was stronger when sperm of different males competed for egg 24 

fertilization. These findings provide the first direct comparison of the strength of selection 25 

acting on ejaculate attributes under competitive and non-competitive fertilizations, confirming 26 

that sperm competition is a major selective force driving the evolution of ejaculate 27 

characteristics.  28 

 29 
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1. Introduction 35 

 In order to fertilize eggs, sperm released in the female reproductive tract or in the 36 

external environment must strive against adverse environmental conditions, imposing strong 37 

selection on ejaculate characteristics (1,2). Ejaculate attributes and sperm phenotypes are, 38 

therefore, thought to be under the action of natural selection. In addition to their intrinsic 39 

capacity to fertilize eggs, ejaculates can also be under the action of post-copulatory sexual 40 

selection (3). When females mate with multiple males during the same reproductive bout, 41 

ejaculates of different males compete for the fertilization of eggs (4). Thus, sperm competition 42 

can be an additional source of selection on ejaculate traits.  43 

 Parker (5) suggested that sperm number should be an important determinant of 44 

fertilization success under competitive conditions, since ejaculates with more sperm should 45 

have higher chances to win the raffle against competitor sperm. Support for this hypothesis 46 

has been provided by several studies (6,7, but also see 8). However, sperm number is not all 47 

(9), and several other attributes of the ejaculate (e.g., sperm motility) have also been found to 48 

play a role when sperm of different males compete for fertilization (9,10,11). Recent work has 49 

provided an overview of the main features of the ejaculate that correlate with fertilization 50 

success (12,13).  51 

 Studies on the association of ejaculate attributes and/or sperm phenotype with 52 

fertilization success have been conducted either under competitive (sperm of different males 53 

compete for egg fertilization) or non-competitive (only sperm of single males can fertilize the 54 

eggs) conditions, but a direct comparison of the strength of selection acting on ejaculate 55 

attributes in the presence and absence of sperm competition is still missing (12). Here, we 56 

compared the strength of selection under competitive and non-competitive fertilizations on 57 

two ejaculate attributes, the proportion of motile sperm and the proportion of sperm with 58 

normal morphology. We used a large dataset that has been collected over 14 years in a captive 59 
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breeding population of the North African houbara bustard (Chlamydotis undulata undulata). 60 

During the breeding season, semen is routinely collected and used to inseminate females, 61 

either with semen of a single male or with semen of different males, in successive 62 

inseminations. We predicted that sperm competition, arising when the semen of multiple 63 

males is used to inseminate a single female, should accentuate selection acting on the two 64 

ejaculate attributes.  65 

 66 

2. Material and methods 67 

 All data used in this study were collected on North African houbara bustards that were 68 

part of a long-term conservation breeding program in eastern Morocco (Emirates Center for 69 

Wildlife Propagation). The program relies entirely on artificial insemination (14). Our dataset 70 

included 1302 males born between 1986 and 2012; data on ejaculate attributes were collected 71 

over a 14-year period (2000-2013), giving a total number of 3519 records.  72 

 We focused on two ejaculate attributes: the proportion of motile sperm and the 73 

proportion of morphologically normal sperm (see Table S1 for descriptive statistics, and 74 

Table S2 for repeatability of each trait). Although the two traits positively covaried, their 75 

correlation coefficient was low (Pearson’s r = 0.18, n = 3519).  76 

 Ejaculates were routinely collected using a dummy female and immediately analysed 77 

in an adjacent laboratory. The proportion of motile sperm was assessed using a mass motility 78 

index, scored from 0 (no motile sperm) to 5 (high proportion of motile sperm), under a light 79 

microscope (14). The proportion of morphologically normal sperm was assessed using an 80 

eosin-nigrosin method (15) (see supplemental material and methods for a full description).  81 

 Females were inseminated with either semen of a single male or successively 82 

inseminated with semen of different males. Male reproductive success was assessed as the 83 

number of hatchlings produced by each male per year. In the case of single male 84 
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inseminations, paternity was obviously assigned with certainty. In the case of multiple male 85 

inseminations, paternity was assigned based on the genotyping of 9 microsatellite loci 86 

designed for the houbara bustard (16) (see ESM for full description).  87 

Statistical analyses  88 

 All phenotypic traits were standardized (zero mean, unit variance) within each year for 89 

each fertilization context (competitive and non-competitive fertilizations), and male 90 

reproductive success was converted into relative fitness by dividing each individual value by 91 

the mean annual value. Selection coefficients were computed using a multiple regression 92 

approach (17), where relative fitness was the dependent variable and proportion of motile 93 

sperm and proportion of morphologically normal sperm were independent variables. This 94 

model also included a variable that described the fertilization context (0 = non-competitive 95 

fertilizations; 1 = competitive fertilizations), and the interactions between the two ejaculate 96 

attributes and the fertilization context. In order to correct for possible confounding factors, the 97 

model also included i) the number of times the semen of a given male was used to inseminate 98 

females (correcting for both inter-individual differences in mating opportunities and number 99 

of eggs laid, see supplemental methods); ii) the proportion of times his semen was used as last 100 

in the insemination sequence for each breeding season (number of times the semen of a given 101 

male was used as last in the insemination sequence over the total number of times it was 102 

involved in multiple male inseminations) (correcting for a last male precedence effect); iii) the 103 

number of inseminated sperm (correcting for the actual number of sperm used for 104 

insemination); iv) male age (correcting for age-dependent variation in ejaculate attributes) 105 

(18). 106 

 Statistical significance was inferred using a linear mixed effects model (‘lmer’ 107 

function of the ‘lme4’ package for R) that in addition to the fixed effects mentioned above 108 

also included male identity and year of birth as random effects. 109 
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 110 

3. Results 111 

 Selection gradients were positive for both ejaculate attributes, showing that males 112 

producing ejaculates with higher proportions of motile and morphologically normal sperm 113 

achieved better annual relative fitness (Table 1). This result holds when correcting for 114 

potential confounding factors such as the number of times the semen of a given male was 115 

used to inseminate females or the proportion of times the semen of a given male was used as 116 

last in the insemination sequence. However, the model also showed statistically significant 117 

interactions between the fertilization context and the two ejaculate attributes, with the 118 

coefficients indicating higher slope between relative fitness and both ejaculate attributes under 119 

competitive fertilization (Table 1). To better visualize the difference between fertilization 120 

contexts, we ran two additional models, one for each competitive context. These models 121 

showed that the selection gradients were 3-fold (for the proportion of morphologically normal 122 

sperm) and 1.7-fold (for the proportion of motile sperm) higher under competitive 123 

fertilizations (Table 2, Fig. 1).    124 

 125 

4. Discussion 126 

 The aim of our study was to compare the strength of selection acting on ejaculate 127 

attributes when sperm of different males compete for egg fertilization and when they do not. 128 

We predicted that under competitive fertilizations, selection on ejaculate attributes should be 129 

stronger. A direct test of this simple prediction was lacking, because previous work has either 130 

focused on non-competitive (single male) or competitive (multiple males) fertilizations. We 131 

found that the proportion of motile sperm and the proportion of morphologically normal 132 

sperm were under positive selection and that selection coefficients were higher when 133 

estimated under competitive than under non-competitive fertilizations.     134 
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 How sperm competition drives the evolution of ejaculate attributes has been 135 

extensively studied both theoretically and empirically (4,5). Comparative and experimental 136 

evidence shows that allocation to ejaculate attributes and sperm phenotypes usually increases 137 

in response to sperm competition risk (19,20). When controlling for the number of sperm 138 

competing, sperm motility and the proportion of morphologically normal sperm have been 139 

shown to be important determinants of fertilization success in different species (12,13). For 140 

instance, in the Iberian red deer (Cervus elaphus hispanicus), males with higher proportions 141 

of morphologically normal sperm in the ejaculate have better reproductive success, during 142 

non-competitive fertilizations (21). In addition to simply scrutinizing the association between 143 

the proportion of motile sperm in the ejaculate, the proportion of morphologically normal 144 

sperm and male reproductive success, we were able to quantitatively compare the strength of 145 

such association and found, as predicted, stronger selection under competitive fertilizations. 146 

The underlying mechanisms accounting for the selective advantage of higher proportion of 147 

motile sperm might involve a privileged access of motile sperm to female sperm-storage 148 

tubules (22) and/or improved capacity of motile sperm to escape the hostile environment they 149 

experience in the female cloaca (1) (although this seems unlikely here because artificially 150 

inseminated sperm bypass the transit through the cloaca); whereas morphologically normal 151 

sperm may have an advantage because they swim straighter and with higher beat frequencies 152 

(23).     153 

 To the best of our knowledge, only a single study has attempted to compare the gain in 154 

paternity share of males with high motile sperm during competitive fertilizations with the 155 

expected fertilization success in the absence of sperm competition (22). In agreement with the 156 

prediction, this study reported that domestic fowls with high motile sperm sired 73% of the 157 

offspring during competitive fertilizations, while the expected fertilization success based on 158 

their performance in non-competitive fertilizations was 53%. However, it should be noted that 159 
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this comparison was based on findings reported in two different experiments conducted on 160 

different individuals (22,24).  161 

  To conclude, we provide the first direct comparison of the strength of selection acting 162 

on ejaculate attributes under both non-competitive and competitive fertilizations. Our results 163 

support the view that sperm competition represents an additional selective force shaping the 164 

evolution of ejaculate attributes and sperm phenotype.  165 

 166 

Ethics  167 

All birds used in the present study were bred in captivity in agreement with Moroccan 168 

authorities: Ministère de l'Agriculture, Développement Rural et des Pêches Maritimes, 169 

Direction Provinciale de l'Agriculture de Boulemane, and Service Véterinaire (Nu 170 

DPA/48/285/SV) under permit number 01-16/VV; OAC/2007/E; Ac/Ou/Rn.   171 

 172 

Data accessibility 173 

The dataset supporting this article is available in the Dryad Digital Repository 174 

(https://datadryad.org/review?doi=doi:10.5061/dryad.bm1j1c7) (25). 175 

 176 

Authors’ contributions 177 

PV, YH, LL, MSJ, FL and GS conceived and designed the study; data were collected under 178 

the supervision of FL, LL and YH; LL carried out paternity analyses; PV carried out 179 

statistical analyses and wrote the first draft of the manuscript; PV, YH, LL, MSJ, FL and GS 180 

edited and revised the manuscript. All authors gave final approval for publication and agree to 181 

be held accountable for the work performed therein.  182 

https://www.google.com/url?q=https%3A%2F%2Fdatadryad.org%2Freview%3Fdoi%3Ddoi%3A10.5061%2Fdryad.bm1j1c7&sa=D&sntz=1&usg=AFQjCNFUnd8TA6eYkHebiKknNinKZw_aCg


9 
 

 183 

Competing interests 184 

We have no competing interests. 185 

 186 

Funding 187 

This study was founded by the Emirates Center for Wildlife Propagation. 188 

 189 

Acknowledgments 190 

The Emirates Center for Wildlife Propagation (ECWP) provided the data for this study, under 191 

the leadership of the International Fund for Houbara Conservation (IFHC). We are grateful to 192 

H.H. Sheikh Mohammed bin Zayed Al Nahyan, Crown Prince of Abu Dhabi and Chairman of 193 

the IFHC and H.E. Mohammed Al Bowardi Deputy Chairman of IFHC for their support. We 194 

are thankful to Gwènaëlle Levêque, the ECWP director, and to all ECWP staff who collected 195 

the data. We are also thankful to Solenne Lefèvre for her valuable help with data 196 

management. 197 

 198 

References 199 

1. Birkhead TR, Moller AP, Sutherland WJ. 1993 Why do females make it so difficult for 200 

males to fertilize their eggs? J. Theor. Biol. 161, 51–60.  201 

2. Levitan DR. 1995 The ecology of fertilization in free-spawning invertebrates. In 202 

Ecology of marine invertebrate larvae (ed L McEdward), pp. 123–156. CRC Press, 203 



10 
 

Boca Raton.  204 

3. Birkhead TR, Pizzari T. 2002 Postcopulatory sexual selection. Nat. Rev. Genet. 3, 262–205 

273. (doi:10.1038/nrg774) 206 

4. Parker GA, Pizzari T. 2010 Sperm competition and ejaculate economics. Biol. Rev. 85, 207 

897–934. (doi:10.1111/j.1469-185X.2010.00140.x) 208 

5. Parker GA. 1970 Sperm competition and its evolutionary consequences in the insects. 209 

Biol. Rev. 45, 525–567. 210 

6. Stoltz JA, Neff BD. 2006 Sperm competition in a fish with external fertilization: the 211 

contribution of sperm number, speed and length. J. Evol. Biol. 19, 1873–1881. 212 

7. Gage MJG, Morrow EH. 2003 Experimental evidence for the evolution of numerous, 213 

tiny sperm via sperm competition. Curr. Biol. 13, 754–757. 214 

8. Simmons LW, Wernham J, Garcia-Gonzalez F, Kamien D. 2003 Variation in paternity 215 

in the field cricket Teleogryllus oceanicus: no detectable influence of sperm numbers 216 

or sperm length. Behav. Ecol. 14, 539–545. 217 

9. Snook RR. 2005 Sperm in competition: Not playing by the numbers. Trends Ecol. 218 

Evol. 20, 46–53. (doi:10.1016/j.tree.2004.10.011) 219 

10. Gage MJG, Macfarlane CP, Yeates S, Ward RG, Searle JB, Parker GA. 2004 220 

Spermatozoal traits and sperm competition in Atlantic salmon: relative sperm velocity 221 

is the primary determinant of fertilization success. Curr. Biol. 14, 44–47. 222 

(doi:10.1016/j.cub.2003.12.028) 223 

11. Garcia-Gonzalez F, Simmons LW. 2005 Sperm viability matters in insect sperm 224 

competition. Curr. Biol. 15, 271–275. 225 



11 
 

12. Simmons LW, Fitzpatrick JL. 2012 Sperm wars and the evolution of male fertility. 226 

Reproduction 144, 519–534.  227 

13. Fitzpatrick JL, Lüpold S. 2014 Sexual selection and the evolution of sperm quality. 228 

Mol. Hum. Reprod. 20, 1180–1189. (doi:10.1093/molehr/gau067) 229 

14. Saint Jalme M, Gaucher P, Paillat P. 1994 Artificial insemination in Houbara bustards 230 

(Chlamydotis undulata): influence of the number of spermatozoa and insemination 231 

frequency on fertility and ability to hatch. J. Reprod. Fertil. 100, 93–103. 232 

(doi:10.1530/jrf.0.1000093) 233 

15. Lindsay C, Staines HJ, McCornick P, McCallum C, Choulani F, Wishart GJ. 1999 234 

Variability in the size of the nucleus in spermatozoa from Houbara bustards, 235 

Chlamydotis undulata undulata. J. Reprod. Fertil. 117, 307–313. 236 

16. Lesobre L, Lacroix F, Le Nuz E, Hingrat Y, Chalah T, Jaime M Saint. 2010 Absence of 237 

male reproductive skew, along with high frequency of polyandry and conspecific brood 238 

parasitism in the lekking houbara bustard Chlamydotis undulata undulata. J. Avian 239 

Biol. 41, 117–127. (doi:10.1111/j.1600-048X.2009.04794.x) 240 

17. Lande R, Arnold SJJ. 1983 The measurement of selection on correlated characters. 241 

Evolution. 37, 1210–1226. (doi:10.2307/2408842) 20 242 

18. Preston BT, Jalme M Saint, Hingrat Y, Lacroix F, Sorci G. 2011 Sexually extravagant 243 

males age more rapidly. Ecol. Lett. 14, 1017–1024. (doi:10.1111/j.1461-244 

0248.2011.01668.x) 245 

19. Firman RC, Simmons LW. 2009 Experimental evolution of sperm quality via 246 

postcopulatory sexual selection in house mice. Evolution. 64, 1245–1256. 247 



12 
 

20. Fitzpatrick JL, Montgomerie R, Desjardins JK, Stiver KA, Kolm N, Balshine S. 2009 248 

Female promiscuity promotes the evolution of faster sperm in cichlid fishes. Proc. Natl. 249 

Acad. Sci. 106, 1128–1132. 250 

21. Malo AF, Julian Garde J, Soler AJ, Garcia AJ, Gomendio M, Roldan ERS. 2005 Male 251 

fertility in natural populations of red deer is determined by sperm velocity and the 252 

proportion of normal spermatozoa. Biol. Reprod. 72, 822–829. 253 

(doi:10.1095/biolreprod.104.036368) 254 

22. Birkhead TR, Martinez JG, Burke T, Froman DP. 1999 Sperm mobility determines the 255 

outcome of sperm competition in the domestic fowl. Proc. R. Soc. B 266, 1759–1764.  256 

23. Katz DF, Diel L, Overstreet JW. 1982 Differences in the movement of morphologically 257 

normal and abnormal human seminal spermatozoa. Biol. Reprod. 26, 566–570. 258 

24. Froman DP, Feltman AJ, Rhoads ML, Kirby JD. 1999 Sperm mobility: A primary 259 

determinant of fertility in the domestic fowl (Gallus domesticus). Biol. Reprod. 61, 260 

400–405. 261 

25. Vuarin P, Hingrat Y, Lesobre L, Saint Jalme M, Lacroix F, Sorci G. 2019 Data from: 262 

Sperm competition accentuates selection on ejaculate attributes. Dryad Digital 263 

Repository. (doi:10.5061/dryad.bm1j1c7). 264 

  265 



13 
 

Table 1. Estimates (± se) of a multiple regression model with relative fitness as dependent 266 

variable and two ejaculate attributes (proportion of motile sperm and proportion of 267 

morphologically normal sperm) as independent variables. The model also included the 268 

fertilization context, the number of times the semen of a given male was used to inseminate a 269 

female, the proportion of times his sperm was used as last in the insemination sequence, the 270 

number of inseminated sperm, and male age. F and p values were obtained from a linear 271 

mixed effects model that included male identity and year of birth as random factors. 272 

Fixed effects Estimate ± se df F p 

Proportion of motile sperm 0.029 ± 0.018 1, 2208 28.18 <0.0001 

Proportion of morphologically 

normal sperm 
0.033 ± 0.017 1, 2208 26.75 <0.0001 

Fertilization context 1.315 ± 0.043 1, 2208 1006.08 <0.0001 

Number of inseminations 0.819 ± 0.014 1, 2208 3280.38 <0.0001 

Proportion of last positions in 

the insemination sequence 
0.491 ± 0.021 1, 2208 627.69 <0.0001 

Number of inseminated sperm -0.024 ± 0.013 1, 2208 3.17 0.0749 

Age -0.038 ± 0.013 1, 2208 0.36 0.5511 

Proportion of motile sperm x 

Fertilization context 
0.098 ± 0.027 1, 2208 13.01 0.0003 

Proportion of morphologically 

normal sperm x Fertilization 

context 

0.087 ± 0.027 1, 2208 11.09 0.0009 

Random effects Estimate ± se   Z p 

Male identity 0.031 ± 0.009   3.58 0.0002 

Year of birth 0.029 ± 0.014   2.10 0.0177 

Residual 0.555 ± 0.015   36.72 <0.0001 

 273 

 274 

 275 

 276 
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Figure 1. Selection gradients (± se) for the proportion of motile sperm and the proportion of 277 

morphologically normal sperm under non-competitive and competitive fertilizations.  278 

 279 


