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                    Abstract
Protandry, i.e., the earlier arrival to breeding areas of males than females, has attracted a lot of scientific attention. However, evidence for the evolutionary hypotheses of protandry is surprisingly scarce. Here, we experimentally manipulate the time of emergence from hibernation of males, relative to females, in the common lizard, Zootoca vivipara. We test whether the timing of emergence affects sperm maturation and mating success, to disentangle among proposed selective advantages of protandry. Our results experimentally demonstrate that the timing of emergence affects the date of sperm presence. Moreover, the degree of protandry affected whether males had sperm upon their first encounter with females, but it did not affect the probability of copulating. Mating occurred independent of male fertility and mating during infertility was least common in early emerging males. Early emergence from hibernation by males, relative to females, thus increases the male’s chance of fertilising eggs and later emergence from hibernation by females reduces the female’s probability of mating with infertile males. These results point to direct reproductive benefits of protandry in males and females, where earlier emergence is predicted to increase the male’s opportunities to inseminate mates, and later emergence reduces the female’s probability of copulating with infertile males. This suggests that protandry evolved due to the time required for sperm maturation after emergence from hibernation.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1


Fig. 2


Fig. 3



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Different mating expenditure in response to sperm competition risk between generations in the bivoltine butterfly Pieris napi
                                        
                                    

                                    
                                        Article
                                        
                                         12 April 2015
                                    

                                

                                Helena Larsdotter-Mellström & Christer Wiklund

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Correlated evolution of sexually selected traits: interspecific variation in ejaculates, sperm morphology, copulatory mate guarding, and body size in two sympatric species of garter snakes
                                        
                                    

                                    
                                        Article
                                        
                                         30 November 2017
                                    

                                

                                Christopher R. Friesen, Emily J. Uhrig, … Robert T. Mason

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Operational sex ratio does not influence the evolution of male mate choice in the Indian meal moth
                                        
                                    

                                    
                                        Article
                                         Open access
                                         29 August 2019
                                    

                                

                                Liam R. Dougherty, Andrea D. Dewhurst & Zenobia Lewis

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	Alatalo RV, Lundberg A, Glynn C (1986) Female pied flycatchers choose territory quality and not male characteristics. Nature 323:152–153. doi:10.1038/323152a0
                        
Article 
    
                    Google Scholar 
                

	Bauwens D, Verheyen RF (1985) The timing of reproduction in the lizard Lacerta vivipara: differences between individual females. J Herpetol 19:353–364. doi:10.2307/1564263
                        
Article 
    
                    Google Scholar 
                

	Bauwens D, Van Damme R, Verheyen RF (1989) Synchronization of spring molting with the onset of mating behavior in male lizards, Lacerta vivipara. J Herpetol 23:89–91. doi:10.2307/1564326
                        
Article 
    
                    Google Scholar 
                

	Bleu J, Le Galliard J-F, Meylan S, Massot M, Fitze PS (2011) Mating does not influence reproductive investment, in a viviparous lizard. J Exp Zool 315A:458–464. doi:10.1002/jez.693
                        
Article 
    
                    Google Scholar 
                

	Breedveld MC, Fitze PS (2015) A matter of time: delayed mate encounter postpones mating window initiation and reduces the strength of female choosiness. Behav Ecol Sociobiol 69:533–541. doi:10.1007/s00265-014-1864-y
                        
Article 
    
                    Google Scholar 
                

	Breedveld MC, Fitze PS (2016) The timing and interval of mate encounter affects investment during mating. Biol J Linn Soc 118:610–617. doi:10.1111/bij.12747
                        
Article 
    
                    Google Scholar 
                

	Bulmer MG (1983) Models for the evolution of protandry in insects. Theor Popul Biol 23:314–322. doi:10.1016/0040-5809(83)90021-7
                        
Article 
    
                    Google Scholar 
                

	Courty Y, Dufaure JP (1980) Levels of testosterone, dihydrotesterone, and androstenedione in the plasma and testis of a lizard (Lacerta vivipara Jacquin) during the annual cycle. Gen Comp Endocrinol 42:325–333. doi:10.1016/0016-6480(80)90163-X
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Depeiges A, Dacheux JL (1985) Acquisition of sperm motility and its maintenance during storage in the lizard, Lacerta vivipara. J Reprod Fertil 74:23–27. doi:10.1530/jrf.0.0740023
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Fitze PS, Le Galliard J-F, Federici P, Richard M, Clobert J (2005) Conflict over multiple-partner mating between males and females of the polygynandrous common lizards. Evolution 59:2451–2459. doi:10.1554/05-208.1
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Fitze PS, Cote J, Clobert J (2010) Mating order-dependent female mate choice in the polygynandrous common lizard Lacerta vivipara. Oecologia 162:331–341. doi:10.1007/s00442-009-1463-1
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Fitze PS, Gonzalez-Jimena V, San-Jose LM, Heulin B, Sinervo B (2014) Frequency-dependent sexual selection with respect to progeny survival is consistent with predictions from rock-paper-scissors dynamics in the European common lizard. Front Ecol Evolut 2:1–11. doi:10.3389/fevo.2014.00077
                        

                    Google Scholar 
                

	Forrest JRK (2014) Plant Size, sexual selection, and the evolution of protandry in dioecious plants. Am Nat 184:338–351. doi:10.1086/677295
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	García-González F (2004) Infertile matings and sperm competition: the effect of “nonsperm representation” on intraspecific variation in sperm precedence patterns. Am Nat 164:457–472. doi:10.1086/423987
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Gavaud J (1991a) Cold entrainment of the annual cycle of ovarian activity in the lizard Lacerta vivipara: thermoperiodic rhythm versus hibernation. J Biol Rhythms 6:201–215. doi:10.1177/074873049100600302
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Gavaud J (1991b) Role of cryophase temperature and thermophase duration in thermoperiodic regulation of the testicular cycle in the lizard Lacerta vivipara. J Exp Zool 260:239–246. doi:10.1002/jez.1402600213
                        
Article 
    
                    Google Scholar 
                

	Gomendio M, Malo AF, Garde J, Roldan ERS (2007) Sperm traits and male fertility in natural populations. Reproduction 134:19–29. doi:10.1530/REP-07-0143
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Gunnarsson B, Johnsson J (1990) Protandry and moulting to maturity in the spider Pityohyphantes phrygianus. Oikos 59:205–212. doi:10.2307/3545536
                        
Article 
    
                    Google Scholar 
                

	Heulin B (1988) Observations sur l’organisation de la reproduction et sur les comportements sexuels et agonistiques chez Lacerta vivipara. Vie Milieu 38:177–187

                    Google Scholar 
                

	Horváthová T et al (2013) Length of activity season drives geographic variation in body size of a widely distributed lizard. Ecol Evol 2:2424–2442. doi:10.1002/ece3.613
                        
Article 
    
                    Google Scholar 
                

	Huyghe K, San-Jose LM, Peñalver Alcázar M, Fitze PS (2013) An ecomorphological analysis of the determinants of mating success. Biol J Linn Soc 110:658–664. doi:10.1111/bij.12140
                        
Article 
    
                    Google Scholar 
                

	Iwasa Y, Odendaal FJ, Murphy DD, Ehrlich PR, Launer AE (1983) Emergence patterns in male butterflies: a hypothesis and a test. Theor Popul Biol 23:363–379. doi:10.1016/0040-5809(83)90024-2
                        
Article 
    
                    Google Scholar 
                

	Kokko H, Gunnarsson TG, Morrell LJ, Gill JA (2006) Why do female migratory birds arrive later than males? J Anim Ecol 75:1293–1303. doi:10.1111/j.1365-2656.2006.01151.x
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Le Galliard J-F, Fitze PS, Ferrière R, Clobert J (2005) Sex ratio bias, male aggression, and population collapse in lizards. Proc Natl Acad Sci USA 102:18231–18236. doi:10.1073/pnas.0505172102
                        
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Lehmann GUC (2012) Weighing costs and benefits of mating in bushcrickets (Insecta: Orthoptera: Tettigoniidae), with an emphasis on nuptial gifts, protandry and mate density. Front Zool 9:19–30. doi:10.1186/1742-9994-9-19
                        
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Licht P (1972) Environmental physiology of reptilian breeding cycles: role of temperature. Gen Comp Endocrinol Suppl 3:477–488. doi:10.1016/0016-6480(72)90178-5
                        
Article 
    
                    Google Scholar 
                

	Massot M, Clobert J, Pilorge T, Lecomte J, Barbault R (1992) Density dependence in the common lizard: demographic consequences of a density manipulation. Ecology 73:1742–1756. doi:10.2307/1940026
                        
Article 
    
                    Google Scholar 
                

	Michener GR (1983) Spring emergence schedules and vernal behavior of Richardson’s ground squirrels: why do males emerge from hibernation before females? Behav Ecol Sociobiol 14:29–38. doi:10.1007/BF00366653
                        
Article 
    
                    Google Scholar 
                

	Møller AP (2004) Protandry, sexual selection and climate change. Glob Change Biol 10:2028–2035. doi:10.1111/j.1365-2486.2004.00874.x
                        
Article 
    
                    Google Scholar 
                

	Morbey YE, Ydenberg RC (2001) Protandrous arrival timing to breeding areas: a review. Ecol Lett 4:663–673. doi:10.1046/j.1461-0248.2001.00265.x
                        
Article 
    
                    Google Scholar 
                

	Morbey YE, Coppack T, Pulido F (2012) Adaptive hypotheses for protandry in arrival to breeding areas: a review of models and empirical tests. J Ornithol 153(Suppl 1):S207–S215. doi:10.1007/s10336-012-0854-y
                        
Article 
    
                    Google Scholar 
                

	Olsson M, Madsen T (1996) Costs of mating with infertile males selects for late emergence in female sand lizards (Lacerta agilis L.). Copeia 2:462–464. doi:10.2307/1446866
                        
Article 
    
                    Google Scholar 
                

	Olsson M, Shine R (1997) Advantages of multiple matings to females: a test of the infertility hypothesis using lizards. Evolution 51:1684–1688. doi:10.2307/2411220
                        
Article 
    
                    Google Scholar 
                

	Olsson M, Birkhead T, Shine R (1999) Can relaxed time constraints on sperm production eliminate protandry in an ectotherm? Biol J Linn Soc 66:159–170. doi:10.1111/j.1095-8312.1999.tb01881.x
                        
Article 
    
                    Google Scholar 
                

	Parker GA, Courtney SP (1983) Seasonal incidence: adaptive variation in the timing of life history stages. J Theor Biol 105:147–155. doi:10.1016/0022-5193(83)90430-7
                        
Article 
    
                    Google Scholar 
                

	Peñalver Alcázar M, Aragón P, Breedveld MC, Fitze PS (2016) Microhabitat selection in the common lizard: implications of biotic interactions, age, sex, local adaptation and model transferability among populations. Ecol Evol 6:3594–3607. doi:10.1002/ece3.2138
                        
Article 
    
                    Google Scholar 
                

	R Core Team (2013) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna. http://www.R-project.org/
                        

	Rice WR, Gaines SD (1994) Extending nondirectional heterogeneity tests to evaluate simply ordered alternative hypotheses. Proc Natl Acad Sci USA 91:225–226. doi:10.1073/pnas.91.1.225
                        
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Roig JM, Carretero MA, Llorente GA (2000) Reproductive cycle in a pyrenean oviparous population of the common lizard (Zootoca vivipara). Neth J Zool 50:15–27. doi:10.1163/156854200X00243
                        

                    Google Scholar 
                

	Rubolini D, Spina F, Saino N (2004) Protandry and sexual dimorphism in trans-Saharan migratory birds. Behav Ecol 15:592–601. doi:10.1093/beheco/arh048
                        
Article 
    
                    Google Scholar 
                

	San-Jose LM, Peñalver-Alcázar M, Milá B, Gonzalez-Jimena V, Fitze PS (2014) Cumulative frequency-dependent selective episodes allow for rapid morph cycles and rock-paper-scissors dynamics in species with overlapping generations. Proc R Soc B 281:20140976. doi:10.1098/rspb.2014.0976
                        
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Semlitsch RD, Scott DE, Pechmann JHK, Gibbons JW (1993) Phenotypic variation in the arrival time of breeding salamanders: individual repeatability and environmental influences. J Anim Ecol 62:334–340. doi:10.2307/5364
                        
Article 
    
                    Google Scholar 
                

	Sheldon BC (1994) Male phenotype, fertility, and the pursuit of extra-pair copulations by female birds. Proc R Soc B 257:25–30. doi:10.1098/rspb.1994.0089
                        
Article 
    
                    Google Scholar 
                

	Spottiswoode CN, Tøttrup AP, Coppack T (2006) Sexual selection predicts advancement of avian spring migration in response to climate change. Proc R Soc B 273:3023–3029. doi:10.1098/rspb.2006.3688
                        
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Stanton ML (1994) Male-male competition during pollination in plant populations. Am Nat 144:S40–S68. doi:10.1086/285652
                        
Article 
    
                    Google Scholar 
                

	Van Damme R, Bauwens D, Verheyen RF (1987) Thermoregulatory responses to environmental seasonality by the lizard Lacerta vivipara. Herpetologica 43:405–415

                    Google Scholar 
                

	Van Damme R, Bauwens D, Verheyen RF (1991) The thermal dependence of feeding behaviour, food consumption and gut-passage time in the lizard Lacerta vivipara Jacquin. Funct Ecol 5:507–517. doi:10.2307/2389633
                        
Article 
    
                    Google Scholar 
                

	van Nuland GJ, Strijbosch H (1981) Annual rhythmics of Lacerta vivipara Jacquin and Lacerta agilis agilis L. (Sauria, Lacertidae) in the Netherlands. Amphibia Reptilia 2:83–95. doi:10.1163/156853881x00302
                        
Article 
    
                    Google Scholar 
                

	Wang GY, Greenfield MD, Shelly TE (1990) Inter-male competition for high-quality host-plants: the evolution of protandry in a territorial grasshopper. Behav Ecol Sociobiol 27:191–198. doi:10.1007/BF00180303
                        
Article 
    
                    Google Scholar 
                

	Wiklund C, Fagerström T (1977) Why do males emerge before females? Oecologia 31:153–158. doi:10.1007/BF00346917
                        
Article 
    
                    Google Scholar 
                

	Zonneveld C (1996) Being big or emerging early? Polyandry and the trade-off between size and emergence in male butterflies. Am Nat 147:946–965. doi:10.1086/285887
                        
Article 
    
                    Google Scholar 
                

	Zonneveld C, Metz JAJ (1991) Models on butterfly protandry: virgin females are at risk to die. Theor Popul Biol 40:308–321. doi:10.1016/0040-5809(91)90058-N
                        
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                


Download references




Acknowledgments
We thank two anonymous reviewers and the handling editor for their helpful and constructive comments; and Luis San-José García, Montserrat Gomendio, Miguel Peñalver Alcázar, Maximiliano Tourmente, and Laura Gómez-Montoto for assistance in the field and in the laboratory. MCB was supported by a Ph.D. Grant (JAEPre_09_01372) from the Consejo Superior de Investigaciones Científicas (CSIC) and co-financed by the European Social Fund, and a contract funded by the Spanish Ministry of Education and Science (CGL2012-32459 to PSF). All applicable institutional and/or national guidelines for the care and use of animals were followed, and all work was performed under permits from the Gobierno de Aragón (LC/mp/2011/577) and Navarra (permit 2009/2010).

                Author contribution statement

                MCB and PSF designed the experiment, MCB performed the
experiments, MCB and PSF performed the statistical analyses and wrote the manuscript.

              

Author information
Authors and Affiliations
	Department of Biodiversity and Evolutionary Biology, Museo Nacional de Ciencias Naturales (MNCN-CSIC), C/ José Gutiérrez Abascal 2, 28006, Madrid, Spain
Merel C. Breedveld & Patrick S. Fitze

	Instituto Pirenaico de Ecología (IPE-CSIC), Avda. Nuestra Señora de la Victoria 16, 22700,  Jaca, Spain
Merel C. Breedveld & Patrick S. Fitze

	Department of Ecology and Evolution, University of Lausanne, Biophore, 1015, Lausanne, Switzerland
Patrick S. Fitze

	Fundación Araid, Edificio CEEI Aragón, C/ María de Luna 11, 50018, Zaragoza, Spain
Patrick S. Fitze


Authors	Merel C. BreedveldView author publications
You can also search for this author in
                        PubMed Google Scholar



	Patrick S. FitzeView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Merel C. Breedveld.


Ethics declarations

              
              
                Funding

                Project funds were provided by the Spanish Ministry of Science and Innovation/Economy and Competitiveness (Grant Numbers CGL2008-01522, CGL2012-32459 to PSF) and the Swiss National Science Foundation (Grant Numbers PPOOP3_128375, PP00P3_152929/1 to PSF).

              
              
                Conflict of interest

                The authors declare that they have no conflict of interest.

              
            

Additional information
Communicated by Jean-François Le Galliard.


Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Breedveld, M.C., Fitze, P.S. Experimental evidence that sperm maturation drives protandry in an ectotherm.
                    Oecologia 182, 129–137 (2016). https://doi.org/10.1007/s00442-016-3668-4
Download citation
	Received: 26 January 2016

	Accepted: 27 May 2016

	Published: 03 June 2016

	Issue Date: September 2016

	DOI: https://doi.org/10.1007/s00442-016-3668-4


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Infertile copulations
	Moulting
	Sperm maturation
	Waiting cost hypothesis
	
                Zootoca vivipara
              








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					44.202.145.51
				

				Not affiliated

			

		
	
	
		
			
		
	
	© 2024 Springer Nature




	






    