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                    Abstract
One of the approaches to plant development description involves phenological curves, which represent the time variations of certain traits. Most models applied to various plant taxa and life forms describe their phenology, including flowering, at the population level, and insufficient attention is paid to the modeling at the individual one. Individual modeling is more complicated than populational one owing to the multilevel structure of a phenotype. And as a result, it is accompanied by a significant increase in the number of model parameters, many of which are both interdependent and non-transferable between species. Here, we present a simple structural-dynamic data-driven model to describe the flowering patterns of individual monocarpic shoots of herbaceous plants with multi-flowered inflorescences. This model is nonparametric, thus being convenient and applicable to various plant species. Our results showed the operability of the proposed model and its potential in the detection of hidden trends in the input data. This is illustrated by the example of the herbaceous polycarpic Campanula sarmatica, Campanulaceae family, whose inflorescences demonstrate a wide variability in the structure and dynamics of flowering. For example, using our model, we found that the shape of the flowering curve of C. sarmatica shoots as a whole is determined by only two factors, the ratio of the number of flowers on the main and lateral axes, and the time of the flowering shift from the main axis to the lateral axes. The proposed model accurately mimics the individual flowering pattern with due natural variability. It can be used to simulate the flowering of a group of individuals in cenopopulational studies or practical tasks, e.g., in landscape design. Flowering patterns that characterize inflorescence development at the individual level can serve as informative phenotypic traits in anthoecological and developmental studies, and in inflorescence diagnostics.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        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[image: ]


Fig. 2[image: ]


Fig. 3[image: ]


Fig. 4[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Testing individual inter-annual variations in flower production by means of retrospective analysis of meristem allocation in two tree species
                                        
                                    

                                    
                                        Article
                                        
                                         24 December 2016
                                    

                                

                                Cristian D. Torres, Amaru Magnin, … Javier G. Puntieri

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Flowering Time as a Model Trait to Bridge Proximate and Evolutionary Questions
                                        
                                    

                                    
                                        Chapter
                                        
                                         © 2018
                                    

                                

                                
                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A successive time-to-event model of phyllochron dynamics for hypothesis testing: application to the analysis of genetic and environmental effects in maize
                                        
                                    

                                    
                                        Article
                                         Open access
                                         07 June 2023
                                    

                                

                                Sandra Plancade, Elodie Marchadier, … Christine Dillmann

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	Aguilera F, Fornaciari M, Ruiz-Valenzuela L, Galán C, Msallem M, Dhiab AB, Díaz-de La Guardia C, del Mar Trigo M, Bonofiglio T, Orlandi F (2015) Phenological models to predict the main flowering phases of olive (Olea europaea L.) along a latitudinal and longitudinal gradient across the Mediterranean region. Int J Biometeorol 59(5):629
Article 
    
                    Google Scholar 
                

	Ausin I, Alonso-Blanco C, Martinez-Zapater JM (2004) Environmental regulation of flowering. Int J Dev Biol 49(5–6):689

                    Google Scholar 
                

	Bäurle I, Dean C (2006) The timing of developmental transitions in plants. Cell 125(4):655
Article 
    
                    Google Scholar 
                

	Blionis GJ, Halley JM, Vokou D (2001) Flowering phenology of Campanula on Mt Olynipos, Greece. Ecography 24(6):696
Article 
    
                    Google Scholar 
                

	Carolin RC (1967) The concept of the inflorescence in the order Campanulales

	Carranza-Rojas J, Goeau H, Bonnet P, Mata-Montero E, Joly A (2017) Going deeper in the automated identification of Herbarium specimens. BMC Evol Biol 17(1):1
Article 
    
                    Google Scholar 
                

	Chen D, Neumann K, Friedel S, Kilian B, Chen M, Altmann T, Klukas C (2014) Dissecting the phenotypic components of crop plant growth and drought responses based on high-throughput image analysis. Plant Cell 26(12):4636
Article 
    
                    Google Scholar 
                

	Chuine I, Cour P, Rousseau D (1998) Plant, Fitting models predicting dates of flowering of temperate-zone trees using simulated annealing. Cell Environ 21(5):455
Article 
    
                    Google Scholar 
                

	Clark RM, Thompson R (2011) Estimation and comparison of flowering curves. Plant Ecol Divers 4(2–3):189
Article 
    
                    Google Scholar 
                

	Claßen-Bockhoff R, Bull-Hereñu K (2013) Towards an ontogenetic understanding of inflorescence diversity. Ann Bot 112(8):1523
Article 
    
                    Google Scholar 
                

	Cleland EE, Chuine I, Menzel A, Mooney HA, Schwartz MD (2007) Shifting plant phenology in response to global change. Trends Ecol Evol 22(7):357
Article 
    
                    Google Scholar 
                

	Cleveland WS (1979) Robust locally weighted regression and smoothing scatterplots. J Am Stat Assoc 74(368):829
Article 
    MathSciNet 
    MATH 
    
                    Google Scholar 
                

	Davila-Velderrain J, Martinez-Garcia J, Alvarez-Buylla E (2016) Dynamic network modelling to understand flowering transition and floral patterning. J Exp Bot 67(9):2565
Article 
    
                    Google Scholar 
                

	Ehrlén J (2015) Selection on flowering time in a life-cycle context. Oikos 124(1):92
Article 
    
                    Google Scholar 
                

	Erwin J (2007) Factors affecting flowering in ornamental plants. In: Anderson NO (ed) Flower breeding and genetics. Springer, Dordrecht

	Fomin E, Fomina T (2018) Patterns and models of flowering of some Campanulaceae Juss. species. Vavilov J Genet Breed 22(7):845
Article 
    
                    Google Scholar 
                

	Fomina T (2012) Biologic features of ornamental plants in the nature of West Siberia. (Geo, 2012)

	Fomina T (2010) Some aspects of reproductive biology of Campanula L species. In: Biological: Botanical gardens. Current problems of introduction, vol 274. Tomsk State University, Tomsk, pp 404–407 (in Russian). http://vital.lib.tsu.ru/vital/access/services/Download/vtls:000406202/SOURCE1#page=404

	Harder LD, Prusinkiewicz P (2013) The interplay between inflorescence development and function as the crucible of architectural diversity. Ann Bot 112(8):1477
Article 
    
                    Google Scholar 
                

	Hong Y, Jackson S (2015) Floral induction and flower formation the role and potential applications of mi RNAs. Plant Biotechnol J 13(3):282
Article 
    
                    Google Scholar 
                

	Kuznetsova T, Timonin A (2017) Inflorescence: morphology, evolution, taxonomic significance. Application of complementary approaches. KMK, Moscow

                    Google Scholar 
                

	Li L, Zhang Q, Huang D (2014) A review of imaging techniques for plant phenotyping. Sensors 14(11):20078
Article 
    
                    Google Scholar 
                

	Michalski SG, Durka W (2007) Synchronous pulsed flowering: analysis of the flowering phenology in Juncus (Juncaceae). Ann Bot 100(6):1271
Article 
    
                    Google Scholar 
                

	Morales MA, Dodge GJ, Inouye DW (2005) A phenological mid-domain effect in flowering diversity. Oecologia 142(1):83
Article 
    
                    Google Scholar 
                

	Mouradov A, Cremer F, Coupland G (2002) Control of flowering time: interacting pathways as a basis for diversity. Plant Cell 14(suppl 1):S111
Article 
    
                    Google Scholar 
                

	Normand F, Habib R, Chadoeuf J (2002) A stochastic flowering model describing an asynchronically flowering set of trees. Ann Bot 90(3):405
Article 
    
                    Google Scholar 
                

	Osawa A, Shoemaker CA, Stedinger JR (1983) A stochastic model of balsam fir bud phenology utilizing maximum likelihood parameter estimation. For Sci 29(3):478

                    Google Scholar 
                

	Primack R (1980) Phenological variation within natural populations: flowering in New Zealand montane shrubs. J Ecol 68:849
Article 
    
                    Google Scholar 
                

	Primack RB (1985) Patterns of flowering phenology in communities, populations, individuals, and single flowers. In: White J (ed) The population structure of vegetation. Handbook of vegetation science, vol 3. Springer, Dordrecht

	Putterill J, Laurie R, Macknight R (2004) It’s time to flower: the genetic control of flowering time. Bioessays 26(4):363
Article 
    
                    Google Scholar 
                

	Rathcke B, Lacey EP (1985) Phenological patterns of terrestrial plants. Ann Rev Ecol Syst 16(1):179
Article 
    
                    Google Scholar 
                

	Snow D (1965) A possible selective factor in the evolution of fruiting seasons in tropical forest. Oikos 15(2):274–281
Article 
    
                    Google Scholar 
                

	Turck F, Fornara F, Coupland G (2008) Regulation and identity of florigen: FLOWERING LOCUS T moves center stage. Annu Rev Plant Biol 59:573
Article 
    
                    Google Scholar 
                

	Ubbens J, Cieslak M, Prusinkiewicz P, Stavness I (2018) The use of plant models in deep learning: an application to leaf counting in rosette plants. Plant Methods 14(1):6
Article 
    
                    Google Scholar 
                

	Williams T, Kelley C, Bröker H, Campbell J, Cunningham R, Denholm D, Elber E, Fearick R, Grammes C, Hart L (2017) Gnuplot 4.6: An interactive plotting program. vol 56, 2012. http://www.gnuplot.info

	Willson MF (1979) Sexual selection in plants. Am Nat 113(6):777
Article 
    
                    Google Scholar 
                

	Yeoh CC, Balcerowicz M, Laurie R, Macknight R, Putterill J (2011) Developing a method for customized induction of flowering. BMC Biotechnol 11(1):1
Article 
    
                    Google Scholar 
                

	Zhang C, Gao H, Zhou J, Cousins A, Pumphrey MO, Sankaran S (2016) 3D robotic system development for high-throughput crop phenotyping. IFAC-PapersOnLine 49(16):242
Article 
    MathSciNet 
    
                    Google Scholar 
                


Download references




Acknowledgements
This work was supported by State Budgeted Projects “Identification of Ways of Plant Adaptation to Contrasting Environmental Conditions at the Populational and Organismal Levels” [0312-2016-0003] and “Genetic Basis of Biotechnologies and Bioinformatics” [0324-2019-0040-C-01]. Materials used in the study were provided by the Bioresource Research Collection, Central Siberian Botanical Garden, Unique Scientific Unit 440534 “Collections of living plants on the field and under coverage”.


Author information
Authors and Affiliations
	Federal Research Center Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia
Eduard Fomin

	Central Siberian Botanical Garden SB RAS, Novosibirsk, Russia
Tatyana Fomina


Authors	Eduard FominView author publications
You can also search for this author in
                        PubMed Google Scholar



	Tatyana FominaView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Eduard Fomin.


Ethics declarations

              
              
                Conflict of interest

                The authors declare that they have no conflict of interest.

              
            

Additional information
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Fomin, E., Fomina, T. A Nonparametric Model for Analysis of Flowering Patterns of Herbaceous Multi-flowered Monocarpic Shoots.
                    Bull Math Biol 82, 146 (2020). https://doi.org/10.1007/s11538-020-00824-w
Download citation
	Received: 31 March 2020

	Accepted: 22 October 2020

	Published: 17 November 2020

	DOI: https://doi.org/10.1007/s11538-020-00824-w


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
	Flowering patterns
	Flowering model
	Monocarpic shoot
	Campanula sarmatica
	Inflorescence
	Ornamental plants








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        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
						
						
					


		
	
	
		
			
				
					
					3.82.145.95
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    