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            Abstract
Sexual imprintingâ€”a phenomenon in which offspring learn parental traits and later use them as a model for their own mate preferencesâ€”can generate reproductive barriers between species1. When the target of imprinting is a mating trait that differs among young lineages, imprinted preferences may contribute to behavioural isolation and facilitate speciation1,2. However, in most models of speciation by sexual selection, divergent natural selection is also required; the latter acts to generate and maintain variation in the sexually selected trait or traits, and in the mating preferences that act upon them3. Here we demonstrate that imprinting, in addition to mediating female mate preferences, can shape biases in maleâ€“male aggression. These biases can act similarly to natural selection to maintain variation in traits and mate preferences, which facilitates reproductive isolation driven entirely by sexual selection. Using a cross-fostering study, we show that both male and female strawberry poison frogs (Oophaga pumilio) imprint on coloration, which is a mating trait that has diverged recently and rapidly in this species4. Cross-fostered females prefer to court mates of theÂ same colour as their foster mother, and cross-fostered males are more aggressive towards rivals that share the colour of their foster mother. We also use a simple population-genetics model to demonstrate that when both male aggression biases and female mate preferences are formed through parental imprinting, sexual selection alone can (1) stabilize a sympatric polymorphism and (2) strengthen the traitâ€“preference association that leads to behavioural reproductive isolation. Our study provides evidence of imprinting in an amphibian and suggests that this rarely considered combination of rival and sexual imprinting can reduce gene flow between individuals that bear divergent mating traits, which sets the stage for speciation by sexual selection.
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                    Fig. 1: Map of the Bocas del Toro archipelago, showing the diversity of colour and pattern among populations of O.Â pumilio.[image: ]


Fig. 2: O.Â pumilio rearing experiment.[image: ]


Fig. 3: Polymorphism stability and associations between trait and preference.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Complexity of avian evolution revealed by family-level genomes
                                        
                                    

                                    
                                        Article
                                        
                                         01 April 2024
                                    

                                

                                Josefin Stiller, Shaohong Feng, â€¦ Guojie Zhang

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The hidden fitness of the male zebra finch courtship song
                                        
                                    

                                    
                                        Article
                                        
                                         20 March 2024
                                    

                                

                                Danyal Alam, Fayha Zia & Todd F. Roberts

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The evolution of same-sex sexual behaviour in mammals
                                        
                                    

                                    
                                        Article
                                         Open access
                                         03 October 2023
                                    

                                

                                JosÃ© M. GÃ³mez, A. GÃ³nzalez-MegÃas & M. VerdÃº

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The datasets generated during and/or analysed during the current study have been deposited in Figshare (https://doi.org/10.6084/m9.figshare.9628406).

            

Code availability

              
              Code files for statistical analysis (R) and mathematical models (Mathematica) have been deposited in Figshare (https://doi.org/10.6084/m9.figshare.9628406).

            

References
	Irwin, D. E. & Price, T. Sexual imprinting, learning and speciation. Heredity 82, 347â€“354 (1999).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Ritchie, M. G. Sexual selection and speciation. Annu. Rev. Ecol. Evol. Syst. 38, 79â€“102 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Servedio, M. R. & Boughman, J. W. The role of sexual selection in local adaptation and speciation. Annu. Rev. Ecol. Evol. Syst. 48, 85â€“109 (2017).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Brown, J. L., Maan, M. E., Cummings, M. E. & Summers, K. Evidence for selection on coloration in a Panamanian poison frog: a coalescent-based approach. J. Biogeogr. 37, 891â€“901 (2010).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Felsenstein, J. Skepticism towards Santa Rosalia, or why are there so few kinds of animals? Evolution 35, 124â€“138 (1981).
ArticleÂ 
    
                    Google ScholarÂ 
                

	van Doorn, G. S., Dieckmann, U. & Weissing, F. J. Sympatric speciation by sexual selection: a critical reevaluation. Am. Nat. 163, 709â€“725 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Arnegard, M. E. & Kondrashov, A. S. Sympatric speciation by sexual selection alone is unlikely. Evolution 58, 222â€“237 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Verzijden, M. N. et al. The impact of learning on sexual selection and speciation. Trends Ecol. Evol. 27, 511â€“519 (2012).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Servedio, M. R., Van Doorn, G. S., Kopp, M., Frame, A. M. & Nosil, P. Magic traits in speciation: â€˜magicâ€™ but not rare? Trends Ecol. Evol. 26, 389â€“397 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Boughman, J. W. How sensory drive can promote speciation. Trends Ecol. Evol. 17, 571â€“577 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Seehausen, O. & Schluter, D. Maleâ€“male competition and nuptial-colour displacement as a diversifying force in Lake Victoria cichlid fishes. Proc. R. Soc. Lond. B 271, 1345â€“1353 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Dijkstra, P. D. & Border, S. E. How does maleâ€“male competition generate negative frequency-dependent selection and disruptive selection during speciation? Curr. Zool. 64, 89â€“99 (2018).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Berglund, A., Bisazza, A. & Pilastro, A. Armaments and ornaments: an evolutionary explanation of traits of dual utility. Biol. J. Linn. Soc. 58, 385â€“399 (1996).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Grether, G. F., Peiman, K. S., Tobias, J. A. & Robinson, B. W. Causes and consequences of behavioral interference between species. Trends Ecol. Evol. 32, 760â€“772 (2017).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Mikami, O. K., Kohda, M. & Kawata, M. A new hypothesis for species coexistence: maleâ€“male repulsion promotes coexistence of competing species. Popul. Ecol. 46, 213â€“217 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Hansen, B. T. & Slagsvold, T. Rival imprinting: interspecifically cross-fostered tits defend their territories against heterospecific intruders. Anim. Behav. 65, 1117â€“1123 (2003).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Verzijden, M. N., Korthof, R. E. M. & Ten Cate, C. Females learn from mothers and males learn from others. The effect of mother and siblings on the development of female mate preferences and male aggression biases in Lake Victoria cichlids, genus Mbipia. Behav. Ecol. Sociobiol. 62, 1359â€“1368 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Summers, K., Cronin, T. W. & Kennedy, T. Variation in spectral reflectance among populations of Dendrobates pumilio, the strawberry poison frog, in the Bocas del Toro Archipelago, Panama. J. Biogeogr. 30, 35â€“53 (2003).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Dugas, M. B. & Richards-Zawacki, C. L. A captive breeding experiment reveals no evidence of reproductive isolation among lineages of a polytypic poison frog. Biol. J. Linn. Soc. 116, 52â€“62 (2015).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Richards-Zawacki, C. L., Wang, I. J. & Summers, K. Mate choice and the genetic basis for colour variation in a polymorphic dart frog: inferences from a wild pedigree. Mol. Ecol. 21, 3879â€“3892 (2012).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Yang, Y., Richards-Zawacki, C. L., Devar, A. & Dugas, M. B. Poison frog color morphs express assortative mate preferences in allopatry but not sympatry. Evolution 70, 2778â€“2788 (2016).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Saporito, R. A., Zuercher, R., Roberts, M., Kenneth, G. & Donnelly, M. A. Experimental evidence for aposematism in the dendrobatid poison frog Oophaga pumilio. Copeia 2007, 1006â€“1011 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Hegna, R. H., Saporito, R. A. & Donnelly, M. A. Not all colors are equal: predation and color polytypism in the aposematic poison frog Oophaga pumilio. Evol. Ecol. 27, 831â€“845 (2013).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Richards-Zawacki, C. L., Yeager, J. & Bart, H. P. S. No evidence for differential survival or predation between sympatric color morphs of an aposematic poison frog. Evol. Ecol. 27, 783â€“795 (2013).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Rojas, B. Behavioural, ecological, and evolutionary aspects of diversity in frog colour patterns. Biol. Rev. Camb. Philos. Soc. 92, 1059â€“1080 (2017).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Maan, M. E. & Cummings, M. E. Female preferences for aposematic signal components in a polymorphic poison frog. Evolution 62, 2334â€“2345 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Yang, Y., Dugas, M. B., Sudekum, H. J., Murphy, S. & Richards-Zawacki, C. L. Maleâ€“male aggression is unlikely to stabilize a poison frog polymorphism. J. Evol. Biol. 31, 457â€“468 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dugas, M. B. Simple observations with complex implications: what we have learned and can learn about parental care from a frog that feeds its young. Zool. Anz. 273, 192â€“202 (2018).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Uy, J. A. C., Moyle, R. G., Filardi, C. E. & Cheviron, Z. A. Difference in plumage color used in species recognition between incipient species is linked to a single amino acid substitution in the melanocortin-1 receptor. Am. Nat. 174, 244â€“254 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Hoekstra, H. E., Hirschmann, R. J., Bundey, R. A., Insel, P. A. & Crossland, J. P. A single amino acid mutation contributes to adaptive beach mouse color pattern. Science 313, 101â€“104 (2006).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Verzijden, M. N., Lachlan, R. F. & Servedio, M. R. Female mate-choice behavior and sympatric speciation. Evolution 59, 2097â€“2108 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Gosner, K. L. A simplified table for staging anuran embryos larvae with notes on identification. Herpetologica 16, 183â€“190 (1960).

                    Google ScholarÂ 
                

	Kirkpatrick, P. Sexual selection and the evolution of female mate choice. Evolution 36, 1â€“12 (1982).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Wolfram Research. Mathematica 11.1. https://reference.wolfram.com/legacy/language/v11.1/ (2018).


Download references




Acknowledgements
We thank A. Benge, A. Devar, D. Gonzalez, R. Cossio, M. Dugas, T. Stetzinger, J. Yeager and G. Zawacki for help with the rearing experiments, and V. PrÃ©mel, J. P. Lawrence, S. A. Echeverri and I. J. Wang for providing photographs for the O. pumilio colour morphs. The Smithsonian Tropical Research Institute (STRI) provided logistical support for this project, and we are particularly grateful to G. Jacome and P. Gondola of the Bocas del Toro Field Station. This research was supported by the Smithsonian Institution, the University of California Presidentâ€™s Office, Tulane Universityâ€™s Newcomb College Institute and the National Science Foundation (award numbers OISE-0701165 and DEB-1146370 to C.L.R.-Z. and DEB-1255777 to M.R.S.). The Panamanian National Authority for the Environment (ANAM) provided research and export permission for this study. This work complied with IACUC protocols (STRI no. 2007-17-12-15-07 and Tulane no. 0382).


Author information
Authors and Affiliations
	Department of Biological Sciences, University of Pittsburgh, Pittsburgh, PA, USA
Yusan YangÂ &Â Corinne L. Richards-Zawacki

	Department of Biology, University of North Carolina, Chapel Hill, NC, USA
Maria R. Servedio

	Smithsonian Tropical Research Institute, Panama City, Panama
Corinne L. Richards-Zawacki


Authors	Yusan YangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Maria R. ServedioView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Corinne L. Richards-ZawackiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
C.L.R.-Z. designed the rearing experiment and collected data, and Y.Y. carried out statistical analyses, for the breeding experiment. Y.Y. and M.R.S. performed the theoretical research. Y.Y. drafted the manuscript, and M.R.S. and C.L.R.-Z. contributed to writing and revision.
Corresponding author
Correspondence to
                Yusan Yang.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Peer review information Nature thanks Peter Dijkstra, Leithen Mâ€™Gonigle and Machteld Nicolette Verzijden for their contribution to the peer review of this work.


Extended data figures and tables

Extended Data Fig. 1 Effects of starting frequency.
Simulations of 2,000 generations demonstrate the effects of the starting frequencies of alleles on the maintenance of polymorphism. Each panel represents a combination of a particular starting frequency for T1 (t1, labelled on top), association between mating trait and behaviour (phenogenotypic linkage disequilibrium (LD) between the trait genotype and the behavioural phenotype, labelled on the right) (Supplementary Information), and types of imprinting (maternal or paternal, labelled on the right). Within each panel, we ran every combination of Î± and Î² from 0.01 to 100, with a step size of 100.1. Axes are on logarithmic scales.


Extended Data Fig. 2 Frequency of the trait-1 phenotype at stable polymorphic equilibrium.
In this extended model, the value of Î± and Î² varies with the phenotype on which the individual imprinted (Supplementary Information). Frequency of the trait-1 phenotype includes T11 and T12 individuals (x1 +Â x2 +Â x4 +Â x5). Each panel represents a particular combination of Î±1 and Î²1 from the set {0.01,Â 1,Â 100}, labelled on the top and the right. Within each panel, we ran every combination of Î±2 and Î²2 from 0.01 to 100, with a step size of 100.2. Axes are on logarithmic scales. The white area in each panel is the parameter space in which no stable polymorphism can be found. The frequency of the trait-1 phenotype at polymorphic equilibrium for a given combination of Î±k and Î²k is slightly different between the models of maternal and paternal imprinting (<0.1, not shown).


Extended Data Fig. 3 Dcor at stable polymorphic equilibrium.
In this extended model, the value of Î± and Î² varies with the phenotype that the individual imprinted on (Supplementary Information). Traitâ€“behaviour linkage disequilibrium between the trait genotype and the behavioural phenotype (Dcor, calculated as D/âˆš(p1p2t1t2)) at the stable polymorphic equilibrium. Each panel represents a particular combination of Î±1 and Î²1 from the set {0.01,Â 1,Â 100}, labelled on the top and the right. Within each panel, we ran combinations of Î±2 and Î²2 from 0.01 to 100, with a step size of 100.2. Axes are on logarithmic scales. The figure presents results from maternal imprinting models. Overall, the paternal imprinting models produced higher Dcor at polymorphic equilibrium than did the maternal imprinting models, but the differences were very small (<0.1, not shown).


Extended Data Table 1 Proportions of association time for the three groups of rearing treatmentFull size table


Extended Data Table 2 Proportions of approaches for the three groups of rearing treatmentFull size table
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