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                    Abstract
Purpose of Review
Producing wood of the right quality is an important part of forest management. In the same way that forest growth models are valuable decision support tools for producing desired yields, models that predict wood quality in standing trees should assist forest managers to make quality-influenced decisions. A challenge for wood quality (WQ) models is to predict the properties of potential products from standing trees, given multiple possible growing environments and silvicultural adjustments. While much research has been undertaken to model forest growth, much less work has focussed on producing wood quality models. As a result, many opportunities exist to expand our knowledge.
Recent Findings
There has been an increase in the availability and use of non-destructive methods for wood quality assessment in standing trees. In parallel, a range of new models have been proposed in the last two decades, predicting wood property variation, and as a result wood quality, using both fully empirical (statistical) and process-based (mechanistic) approaches.
Summary
We review here models that predict wood quality in standing trees. Although other research is mentioned where applicable, the focus is on research done within the last 20 years. We propose a simple classification of WQ models, first into two broad groupings: fully empirical and process-based. Comprehensive, although not exhaustive, summaries of a wide range of published models in both categories are given. The question of scale is addressed with relevance to the range of possibilities which these different types of models present. We distinguish between empirical models which predict stand or tree-level wood quality and those which predict within-tree wood quality variability. In this latter group are branching models (variation up the stem) and models predicting pith-to-bark clear-wood wood property variability. In the case of process-based models, simulation of within-tree variability, and specifically, how that variability arose over time, is always necessary. We discuss how wood quality models are, or should increasingly be, part of decision support systems that aid forest managers and give some perspectives on ways to increase model impact for forest management for wood quality.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        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: ]


Fig. 5[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Impact of Intensive Forest Management Practices on Wood Quality from Conifers: Literature Review and Reflection on Future Challenges
                                        
                                    

                                    
                                        Article
                                         Open access
                                         08 March 2023
                                    

                                

                                Julie Barrette, Alexis Achim & David Auty

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Calibration of the process-based model 3-PG for major central European tree species
                                        
                                    

                                    
                                        Article
                                         Open access
                                         18 March 2021
                                    

                                

                                David I. Forrester, Martina L. Hobi, … Volodymyr Trotsiuk

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Modelling variation in wood density within and among trees in stands of New Zealand-grown radiata pine
                                        
                                    

                                    
                                        Article
                                         Open access
                                         12 November 2015
                                    

                                

                                Mark O. Kimberley, Dave J. Cown, … Leslie J. Dowling

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    Notes
	Analysis undertaken on 9th March 2022: https://www.webofscience.com/wos/woscc/basic-search


	https://www.webofscience.com


	https://www.hyleccontrols.com.au/product/pilodyn-wood-density-meter/


	https://new.abb.com/products/7TCA083160R0059/st300


	https://www.scionresearch.com/about-us/about-scion/corporate-publications/scion-connections/past-issues-list/issue-17,-september-2015/meet-discbot,-our-new-quality-detective





References
Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance
	Downes GM, Lausberg M, Potts BM, Pilbeam DL, Bird M, Bradshaw B. Application of the IML Resistograph to the infield assessment of basic density in plantation eucalypts. Aust For. 2018;81:177–85.
Article 
    
                    Google Scholar 
                

	Pretzsch H, Rais A. Wood quality in complex forests versus even-aged monocultures: review and perspectives. Wood Sci Technol. 2016;50:845–80.
Article 
    CAS 
    
                    Google Scholar 
                

	Moore JR, Nanayakkara B, McKinley RB, Garrett LG. Effects of nutrient removal by harvesting practices and fertiliser addition on end-of-rotation radiata pine wood quality. For Ecol Manage. 2021;494:119269.
Article 
    
                    Google Scholar 
                

	Hassegawa M, Savard M, Lenz PRN, Duchateau E, Gélinas N, Bousquet J, et al. White spruce wood quality for lumber products: priority traits and their enhancement through tree improvement. For An Int J For Res. 2020;93:16–37. https://doi.org/10.1093/forestry/cpz050.
Article 
    
                    Google Scholar 
                

	Wang X. Recent advances in nondestructive evaluation of wood: in-forest wood quality assessments. Forests. 2021 949.

	Schimleck L, Dahlen J, Apiolaza LA, Downes G, Emms G, Evans R, et al. Non-destructive evaluation techniques and what they tell us about wood property variation. Forests. 2019;10:728. A landmark paper providing an excellent overview of non-destructive methods of wood property measurement in standing trees.
Article 
    
                    Google Scholar 
                

	Burkhart HE, Tomé M. Modeling forest trees and stands. Springer Dordr. Heidelberg, New York, London. 2012

	Weiskittel A, Hann D., Kersaw Jr J., Vanclay J. Forest growth and yield modeling. 1st ed. 2011

	Fritts HC, Vaganov EA, Sviderskaya IV, Shashkin AV. Climatic variation and tree-ring structure in conifers: empirical and mechanistic models of tree-ring width, number of cells, cell size, cell-wall thickness and wood density. Clim Res. 1991;1:97–116.
Article 
    
                    Google Scholar 
                

	Downes GM, Drew D, Battaglia M, Schulze D. Measuring and modelling stem growth and wood formation: an overview. Dendrochronologia. 2009;27:147–57.
Article 
    
                    Google Scholar 
                

	Chave J, Coomes D, Jansen S, Lewis SL, Swenson NG, Zanne AE. Towards a worldwide wood economics spectrum. Ecol Lett. 2009;12:351–66. Well-cited paper that explores how plants optimise wood function towards ecological competitiveness.
Article 
    
                    Google Scholar 
                

	Schimleck L, Antony F, Dahlen J, Moore J. Wood and fiber quality of plantation-grown conifers: a summary of research with an emphasis on loblolly and radiata pine. Forests. 2018;9:298.
Article 
    
                    Google Scholar 
                

	Kibblewhite Rp, Evans R, Riddell MJC, others. Kraft handsheet, and wood tracheid and chemical property interrelationships for 50 individual radiata pine trees. 56th Appita Annu Conf Rotorua, New Zeal 18–20 March 2002 Proc. 2002 37

	Downes GM, Meder R, Bond H, Ebdon N, Hicks C, Harwood C. Measurement of cellulose content, Kraft pulp yield and basic density in eucalypt woodmeal using multisite and multispecies near infra-red spectroscopic calibrations. South For a J For Sci. 2011;73:181–6.
Article 
    
                    Google Scholar 
                

	Chen Z-Q, Karlsson B, Lundqvist S-O, Gil MRG, Olsson L, Wu HX. Estimating solid wood properties using Pilodyn and acoustic velocity on standing trees of Norway spruce. Ann For Sci. 2015;72:499–508.
Article 
    
                    Google Scholar 
                

	Evans R, Ilic J. Rapid prediction of wood stiffness from microfibril angle and density. For Prod J. 2001;51:53.

                    Google Scholar 
                

	Evans R. Rapid measurement of the transverse dimensions of tracheids in radial wood sections from Pinus radiata. Holzforschung. 1994;48:168–72. https://doi.org/10.1515/hfsg.1994.48.2.168.
Article 
    
                    Google Scholar 
                

	Wei Q, Leblon B, La Rocque A. On the use of X-ray computed tomography for determining wood properties: a review. Can J For Res. 2011;41:2120–40.
Article 
    
                    Google Scholar 
                

	den Bulcke J, Biziks V, Andersons B, Mahnert K-C, Militz H, Van Loo D, et al. Potential of X-ray computed tomography for 3D anatomical analysis and microdensitometrical assessment in wood research with focus on wood modification. Int Wood Prod J. 2013;4:183–90.
Article 
    
                    Google Scholar 
                

	Björklund J, von Arx G, Nievergelt D, Wilson R, den Bulcke J, Günther B, et al. Scientific merits and analytical challenges of tree-ring densitometry. Rev Geophys. 2019;57:1224–64.
Article 
    
                    Google Scholar 
                

	Beaulieu J, Dutilleul P. Applications of computed tomography (CT) scanning technology in forest research: A timely update and review. Can J For Res. 2019;49:1173–88.
Article 
    
                    Google Scholar 
                

	Lehnebach R, Campioli M, Gričar J, Prislan P, Mariën B, Beeckman H, et al. High-resolution X-ray computed tomography: a new workflow for the analysis of xylogenesis and intra-seasonal wood biomass production. Front Plant Sci . 2021;12. https://www.frontiersin.org/article/https://doi.org/10.3389/fpls.2021.698640

	Dickson A, Nanayakkara B, Sellier D, Meason D, Donaldson L, Brownlie R. Fluorescence imaging of cambial zones to study wood formation in Pinus radiata D. Don Trees. 2017;31:479–90.
Article 
    CAS 
    
                    Google Scholar 
                

	Downes GM, Harwood CE, Wiedemann J, Ebdon N, Bond H, Meder R. Radial variation in Kraft pulp yield and cellulose content in Eucalyptus globulus wood across three contrasting sites predicted by near infrared spectroscopy. Can J For Res. 2012;42:1577–86.
Article 
    CAS 
    
                    Google Scholar 
                

	Wentzel-Vietheer M, Washusen R, Downes GM, Harwood C, Ebdon N, Ozarska B, et al. Prediction of non-recoverable collapse in Eucalyptus globulus from near infrared scanning of radial wood samples. Eur J Wood Wood Prod. 2013;71:755–68.
Article 
    CAS 
    
                    Google Scholar 
                

	Gendvilas V, Downes GM, Neyland M, Hunt M, Jacobs A, O’Reilly-Wapstra J. Friction correction when predicting wood basic density using drilling resistance. Holzforschung. 2021;75:508–16.
Article 
    CAS 
    
                    Google Scholar 
                

	Downes GM, Drew DM, Moore J, Lausberg M, Harrington J, Elms S, et al. Evaluating and modelling radiata pine wood quality in the Murray valley region. Melb. For. Wood Prod. Aust. 2021. https://www.fwpa.com.au/images/resources/2021/Final_Report__eCambium__PNC325-1314.pdf

	Mason EG, Hayes M, Pink N. Validation of ultrasonic velocity estimates of wood properties in discs of radiata pine. New Zeal J For Sci. 2017;47:1–5.

                    Google Scholar 
                

	Downes GM, Drew DM. Climate and growth influences on wood formation and utilisation. South For a J For Sci. 2008;70:155–67.
Article 
    
                    Google Scholar 
                

	Wimmer R, Downes GM. Temporal variation of the ring width–wood density relationship in Norway spruce grown under two levels of anthropogenic disturbance. Iawa J. 2003;24:53–61.
Article 
    
                    Google Scholar 
                

	Luther JE, Skinner R, Fournier RA, van Lier OR, Bowers WW, Coté J-F, et al. Predicting wood quantity and quality attributes of balsam fir and black spruce using airborne laser scanner data. Forestry. 2014;87:313–26.
Article 
    
                    Google Scholar 
                

	Pyörälä J, Saarinen N, Kankare V, Coops NC, Liang X, Wang Y, et al. Variability of wood properties using airborne and terrestrial laser scanning. Remote Sens Environ. 2019;235:111474.
Article 
    
                    Google Scholar 
                

	Hilker T, Frazer GW, Coops NC, Wulder MA, Newnham GJ, Stewart JD, et al. Prediction of wood fiber attributes from LiDAR-derived forest canopy indicators. For Sci. 2013;59:231–42.
Article 
    
                    Google Scholar 
                

	Wylie RRM, Woods ME, Dech JP. Estimating stand age from airborne laser scanning data to improve models of black spruce wood density in the boreal forest of Ontario. Remote Sens. 2019;11:2022.
Article 
    
                    Google Scholar 
                

	Pokharel B, Groot A, Pitt DG, Woods M, Dech JP. Predictive modeling of black spruce (Picea mariana (Mill.) B.S.P.) wood density using stand structure variables derived from airborne LiDAR data in boreal forests of Ontario. Forests . 2016;7. https://www.mdpi.com/1999-4907/7/12/311

	Coops NC, Achim A, Arp P, Bater CW, Caspersen JP, Côté J-F, et al. Advancing the application of remote sensing for forest information needs in Canada: Lessons learned from a national collaboration of university, industrial and government stakeholders. For Chron. 2021;97:109–26.
Article 
    
                    Google Scholar 
                

	Côté JF, Luther JE, Lenz P, Fournier RA, van Lier OR. Assessing the impact of fine-scale structure on predicting wood fibre attributes of boreal conifer trees and forest plots. For Ecol Manage. 2021;479:118624. This paper reports on findings which could be potentially very significant in providing estimates of fibre properties (not just external wood quality parameters) from TLS and using this for scaling of model estimates.
Article 
    
                    Google Scholar 
                

	Moore JR, Lyon AJ, Searles GJ, Vihermaa LE, others. The effects of site and stand factors on the tree and wood quality of Sitka spruce growing in the United Kingdom. Silva Fenn. 2009;43:383–96.
Article 
    
                    Google Scholar 
                

	Lenz P, Deslauriers M, Ung C-H, MacKay J, Beaulieu J. What do ecological regions tell us about wood quality? A case study in eastern Canadian white spruce. Can J For Res. 2014;44:1383–93. https://doi.org/10.1139/cjfr-2014-0206.
Article 
    
                    Google Scholar 
                

	Watt MS, Moore JR, Façon J-P, Downes GM, Clinton PW, Coker G, et al. Modelling the influence of stand structural, edaphic and climatic influences on juvenile Pinus radiata dynamic modulus of elasticity. For Ecol Manage. 2006;229:136–44.
Article 
    
                    Google Scholar 
                

	Watt MS, Clinton PW, Coker G, Davis MR, Simcock R, Parfitt RL, et al. Modelling the influence of environment and stand characteristics on basic density and modulus of elasticity for young Pinus radiata and Cupressus lusitanica. For Ecol Manage. 2008;255:1023–33 (https://www.sciencedirect.com/science/article/pii/S0378112707007918).
Article 
    
                    Google Scholar 
                

	Vega M, Harrison P, Hamilton M, Musk R, Adams P, Potts B. Modelling wood property variation among Tasmanian Eucalyptus nitens plantations. For Ecol Manage. 2021;491:119203.
Article 
    
                    Google Scholar 
                

	Balasso M, Hunt M, Jacobs A, O’Reilly-Wapstra J. Characterisation of wood quality of Eucalyptus nitens plantations and predictive models of density and stiffness with site and tree characteristics. For Ecol Manage. 2021;491:118992.
Article 
    
                    Google Scholar 
                

	Iglesias C, Santos AJA, Martinez J, Pereira H, Anjos O. Influence of heartwood on wood density and pulp properties explained by machine learning techniques. Forests. 2017;8:20.
Article 
    
                    Google Scholar 
                

	Weiskittel AR, Maguire DA, Monserud RA. Response of branch growth and mortality to silvicultural treatments in coastal Douglas-fir plantations: implications for predicting tree growth. For Ecol Manage. 2007;251:182–94.
Article 
    
                    Google Scholar 
                

	Trincado G, Burkhart HE. A framework for modeling the dynamics of first-order branches and spatial distribution of knots in loblolly pine trees. Can J For Res. 2009;39:566–79.
Article 
    
                    Google Scholar 
                

	Benjamin JG, Kershaw JA Jr, Weiskittel AR, Chui YH, Zhang SY. External knot size and frequency in black spruce trees from an initial spacing trial in Thunder Bay. Ontario For Chron. 2009;85:618–24.

                    Google Scholar 
                

	Kershaw JA Jr, Benjamin JG, Weiskittel AR. Approaches for modeling vertical distribution of maximum knot size in black spruce: a comparison of fixed-and mixed-effects nonlinear models. For Sci. 2009;55:230–7.

                    Google Scholar 
                

	Duchateau E, Longuetaud F, Mothe F, Ung C, Auty D, Achim A. Modelling knot morphology as a function of external tree and branch attributes. Can J For Res. 2013;43:266–77.
Article 
    
                    Google Scholar 
                

	Groot A. Schneideasurement strategy. Comput Electron Agric. 2012;80:105–14 (https://www.sciencedirect.com/science/article/pii/S016816991100247X).

                    Google Scholar 
                

	Zubizarreta-Gerendiain A, Fernández MP. Relative branch size in branch clusters modelled through a Markovian process. Ecol Modell. 2014;273:210–9.
Article 
    
                    Google Scholar 
                

	Kantola A, Mäkinen H, Mäkelä A. Stem form and branchiness of Norway spruce as a sawn timber—Predicted by a process based model. For Ecol Manage. 2007;241:209–22 (https://www.sciencedirect.com/science/article/pii/S0378112707000369).
Article 
    
                    Google Scholar 
                

	Grace JC, Pont D, Goulding CJ, Rawley B. Modelling branch development for forest management. New Zeal J For Sci. 1999;29:391–408.

                    Google Scholar 
                

	Osborne NL, Maguire DA. Modeling knot geometry from branch angles in Douglas-fir (Pseudotsuga menziesii). Can J For Res. 2016;46:215–24. https://doi.org/10.1139/cjfr-2015-0145.
Article 
    
                    Google Scholar 
                

	Grace JC, Pont D, Shermann L, Woo G, Aitchison D. Variability in stem wood properties due to branches. New Zeal J For Sci. 2006;36:313.

                    Google Scholar 
                

	Grace JC, Brownlie RK, Kennedy SG. The influence of initial and post-thinning stand density on Douglas-fir branch diameter at two sites in New Zealand. New Zeal J For Sci. 2015;45:1–13.

                    Google Scholar 
                

	Achim A, Gardiner B, Leban J-M, Daquitaine R. Predicting the branching properties of Sitka spruce grown in Great Britain. New Zeal J For Sci. 2006;36:246–64.

                    Google Scholar 
                

	Mäkinen H, Mäkelä A. Predicting basal area of Scots pine branches. For Ecol Manage. 2003;179:351–62.
Article 
    
                    Google Scholar 
                

	Pyörälä J, Liang X, Saarinen N, Kankare V, Wang Y, Holopainen M, et al. Assessing branching structure for biomass and wood quality estimation using terrestrial laser scanning point clouds. Can J Remote Sens. 2018;44:462–75. https://doi.org/10.1080/07038992.2018.1557040.
Article 
    
                    Google Scholar 
                

	Longuetaud F, Mothe F, Kerautret B, Krähenbühl A, Hory L, Leban JM, et al. Automatic knot detection and measurements from X-ray CT images of wood: A review and validation of an improved algorithm on softwood samples. Comput Electron Agric. 2012;85:77–89 (https://www.sciencedirect.com/science/article/pii/S0168169912000889).
Article 
    
                    Google Scholar 
                

	Duchateau E, Auty D, Mothe F, Longuetaud F, Ung CH, Achim A. Models of knot and stem development in black spruce trees indicate a shift in allocation priority to branches when growth is limited. PeerJ. 2015;3:e873. Explores beyond the relatively simple approach often taken to modelling branch form/size to explore allocation priority shifts as a feasible way of predicting branch and knot characteristics.
Article 
    
                    Google Scholar 
                

	Bouriaud O, Bréda N, Dupouey J, Granier A. Is ring width a reliable proxy for stem-biomass increment ? A case study in European beech. 2005;i:2920–33

	Nezu I, Ishiguri F, Aiso H, Hiraoka Y, Wasli ME, Ohkubo T, et al. Secondary xylem maturation evaluated by modeling radial variations in anatomical characteristics and wood properties of Shorea macrophylla (De Vr.) Ashton planted in Sarawak, Malaysia. Trees. 2021;1–10.

	Auty D, Gardiner BA, Achim A, Moore JR, Cameron AD. Models for predicting microfibril angle variation in Scots pine. 2013;209–18.

	Newton PF. Wood quality attribute models and their utility when integrated into density management decision-support systems for boreal conifers. For Ecol Manage. 2019;438:267–84.
Article 
    
                    Google Scholar 
                

	Erdene-Ochir T, Ishiguri F, Nezu I, Tumenjargal B, Baasan B, Chultem G, et al. Modeling of radial variations of wood properties in naturally regenerated trees of Betula platyphylla grown in Selenge. Mongolia J Wood Sci. 2021;67:1–10.

                    Google Scholar 
                

	Lundqvist S-O, Seifert S, Grahn T, Olsson L, Garcia-Gil MR, Karlsson B, et al. Age and weather effects on between and within ring variations of number, width and coarseness of tracheids and radial growth of young Norway spruce. Eur J For Res. 2018;137:719–43.
Article 
    CAS 
    
                    Google Scholar 
                

	Antony F, Schimleck LR, Jordan L, Daniels RF, Clark A. Modeling the effect of initial planting density on within tree variation of stiffness in loblolly pine. Ann For Sci. 2012;69:641–50. https://doi.org/10.1007/s13595-011-0180-1.
Article 
    
                    Google Scholar 
                

	Antony F, Schimleck LR, Hall DB, Clark A III, Daniels RF. Modeling the effect of midrotation fertilization on specific gravity of loblolly pine (Pinus taeda L.). For Sci. 2011;57:145–52.

                    Google Scholar 
                

	Beets PN, Kimberley MO, Oliver GR, Pearce SH. Predicting wood density of growth increments of Douglas-fir stands in New Zealand. New Zeal J For Sci. 2018;48:1–11.

                    Google Scholar 
                

	Dahlen J, Nabavi M, Auty D, Schimleck L, Eberhardt TL. Models for predicting the within-tree and regional variation of tracheid length and width for plantation loblolly pine. For An Int J For Res. 2021;94:127–40. https://doi.org/10.1093/forestry/cpaa018.
Article 
    
                    Google Scholar 
                

	Erasmus J, Kunneke A, Drew DM, Wessels CB. The effect of planting spacing on Pinus patula stem straightness, microfibril angle and wood density. For An Int J For Res. 2018;91:247–58.

                    Google Scholar 
                

	Erasmus J, Drew DM, Wessels CB. The flexural lumber properties of Pinus patula Schiede ex Schltdl. & Cham. improve with decreasing initial tree spacing. Ann For Sci. 2020;77.

	Gardiner B, Leban J-M, Auty D, Simpson H. Models for predicting wood density of British-grown Sitka spruce. Forestry. 2011;84:119–32.
Article 
    
                    Google Scholar 
                

	Gogoi BR, Sharma M, Sharma CL. Radial variation of wood density in Pinus kesiya Royle ex Gordon. Indian For. 2020;146:730–5.

                    Google Scholar 
                

	• Guilley E, Hervé JC, Nepveu G. The influence of site quality, silviculture and region on wood density mixed model in Quercus petraea Liebl. For Ecol Manage. 2004;189:111–21 (https://www.sciencedirect.com/science/article/pii/S0378112703004171)This paper was unusual in that it presented a projection-type model of wood density in oak, and also that it used multiple environmental variables to modify the effect of age.•.

	Jordan L, Daniels RF, Clark A III, He R. Multilevel nonlinear mixed-effects models for the modeling of earlywood and latewood microfibril angle. For Sci. 2005;51:357–71. https://doi.org/10.1093/forestscience/51.4.357. This paper was an influential earlier work using mixed effects modelling approach to predict the unusual but critical wood property MFA as a function of cambial age as well as ring width.
Article 
    
                    Google Scholar 
                

	Kimberley MO, Cown DJ, McKinley RB, Moore JR, Dowling LJ. Modelling variation in wood density within and among trees in stands of New Zealand-grown radiata pine. New Zeal J For Sci. 2015;45:22. https://doi.org/10.1186/s40490-015-0053-8.
Article 
    
                    Google Scholar 
                

	Moore JR, Cown DJ, McKinley RB. Modelling spiral grain angle variation in New Zealand-grown radiata pine. New Zeal J For Sci. 2015;45:1–9. https://doi.org/10.1186/s40490-015-0046-7.
Article 
    
                    Google Scholar 
                

	Moore JR, Cown DJ, McKinley RB. Modelling microfibril angle variation in New Zealand-grown radiata pine. New Zeal J For Sci. 2014;44:1–11. https://doi.org/10.1186/s40490-014-0025-4.
Article 
    
                    Google Scholar 
                

	Filipescu CN, Lowell EC, Koppenaal R, Mitchell AK. Modeling regional and climatic variation of wood density and ring width in intensively managed Douglas-fir. Can J For Res. 2013;44:220–9. https://doi.org/10.1139/cjfr-2013-0275.
Article 
    
                    Google Scholar 
                

	Sarkhad M, Ishiguri F, Nezu I, Tumenjargal B, Takahashi Y, Baasan B, et al. Modeling of radial variations in wood properties and comparison of juvenile and mature wood of four common conifers in Mongolia. Holzforschung. 2021;76:14–25.
Article 
    
                    Google Scholar 
                

	Todoroki CL, Low CB, McKenzie HM, Gea LD. Radial variation in selected wood properties of three cypress taxa. New Zeal J For Sci. 2015;45:1–14.

                    Google Scholar 
                

	Vega M, Hamilton M, Downes G, Harrison PA, Potts B. Radial variation in modulus of elasticity, microfibril angle and wood density of veneer logs from plantation-grown Eucalyptus nitens. Ann For Sci. 2020;77:1–15.
Article 
    
                    Google Scholar 
                

	Xiang W, Leitch M, Auty D, Duchateau E, Achim A. Radial trends in black spruce wood density can show an age-and growth-related decline. Ann For Sci. 2014;71:603–15.
Article 
    
                    Google Scholar 
                

	Moore JR, Cown DJ. Corewood (juvenile wood) and its impact on wood utilisation. Curr For Reports. 2017;3:107–18.

                    Google Scholar 
                

	Abdel-Gadir AY, Krahmer RL. Estimating the age of demarcation of juvenile and mature wood in Douglas-fir. Wood Fiber Sci. 1993;25:242–9.

                    Google Scholar 
                

	Koubaa A, Isabel N, Zhang SY, Beaulieu J, Bousquet J. Transition from juvenile to mature wood in black spruce (Picea mariana (Mill) BSP). Wood Fiber Sci. 2005;37:445–55.
CAS 
    
                    Google Scholar 
                

	Clark A, Daniels RF, Jordan L. Juvenile/mature wood transition in loblolly pine as defined by annual ring specific gravity, proportion of latewood, and microfibril angle. Wood Fiber Sci. 2006;38:292–9.
CAS 
    
                    Google Scholar 
                

	Darmawan W, Nandika D, Rahayu I, Fournier M, Marchal R. Determination of juvenile and mature transition ring for fast growing sengon and jabon wood. J Indian Acad wood Sci. 2013;10:39–47.
Article 
    
                    Google Scholar 
                

	Mora CR, Allen HL, Daniels RF, Clark A. Modeling corewood–outerwood transition in loblolly pine using wood specific gravity. Can J For Res. 2007;37:999–1011.
Article 
    
                    Google Scholar 
                

	Wang M, Stewart JD. Modeling the transition from juvenile to mature wood using modulus of elasticity in lodgepole pine. West J Appl For. 2013;28:135–42. https://doi.org/10.5849/wjaf.12-026.
Article 
    CAS 
    
                    Google Scholar 
                

	Mansfield SD, Parish R, Lucca CM Di, Goudie J, Kang K-Y, Ott P. Revisiting the transition between juvenile and mature wood: a comparison of fibre length, microfibril angle and relative wood density in lodgepole pine. 2009;63:449–56. https://doi.org/10.1515/HF.2009.069

	Franceschini T, Gauthray-Guyénet V, Schneider R, Ruel J-C, Pothier D, Achim A. Effect of thinning on the relationship between mean ring density and climate in black spruce (Picea mariana (Mill.) BSP). For An Int J For Res. 2018;91:366–81.

                    Google Scholar 
                

	Seifert T, Breibeck J, Seifert S, Biber P. Resin pocket occurrence in Norway spruce depending on tree and climate variables. For Ecol Manage. 2010;260:302–12.
Article 
    
                    Google Scholar 
                

	Watt MS, Kimberley MO, Downes GM, Bruce J, Jones T, Ottenschlaeger M, et al. Characterisation of within-tree and within-ring resin-pocket density in Pinus radiata across an environmental range in New Zealand. New Zeal J For Sci. 2011;41:1913–7.

                    Google Scholar 
                

	Seifert T. Simulating the extent of decay caused by Heterobasidion annosum sl in stems of Norway spruce. For Ecol Manage. 2007;248:95–106.
Article 
    
                    Google Scholar 
                

	Honkaniemi J, Lehtonen M, Väisänen H, Peltola H. Effects of wood decay by Heterobasidion annosum on the vulnerability of Norway spruce stands to wind damage: a mechanistic modelling approach. Can J For Res. 2017;47:777–87.
Article 
    
                    Google Scholar 
                

	Gonçalves AFA, Santos JA dos, França LC de J, Campoe OC, Altoé TF, Scolforo JRS. Use of the process-based models in forest research: a bibliometric review. CERNE. 2021;27. http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0104-77602021000100303&tlng=en

	Seifert T. Integration von Holzqualität und Holzsortierung in behandlungssensitive Waldwachstumsmodelle. 2003. Technical University Munich. https://mediatum.ub.tum.de/603403

	Pretzsch H, Grote R, Reineking B, Rötzer TH, Seifert ST. Models for forest ecosystem management: a European perspective. Ann Bot. 2008;101:1065–87.
Article 
    CAS 
    
                    Google Scholar 
                

	Fernández MP, Norero A, Vera JR, Pérez E. A functional–structural model for radiata pine (Pinus radiata) focusing on tree architecture and wood quality. Ann Bot. 2011;108:1155–78.
Article 
    
                    Google Scholar 
                

	Wilson BF. A Model for Cell Production by the Cambium of Conifers. In: Zimmerman MHBT, editor. Form Wood For Trees . 1964. 19–36. https://www.sciencedirect.com/science/article/pii/B9781483229317500070

	Wilson BF, Howard RA. A computer model for cambial activity. For Sci. 1968;14:77–90.

                    Google Scholar 
                

	Drew DM, Pammenter NW. Developmental rates and morphological properties of fibres in two eucalypt clones at sites differing in water availability. South Hemisph For J. 2007;69:71–9.
Article 
    
                    Google Scholar 
                

	Arend M, Fromm J. Seasonal change in the drought response of wood cell development in poplar. 2007;985–92.

	Plomion C, Leprovost G, Stokes A. Wood formation in trees. Plant Physiol. 2001;127:1513–23.
Article 
    CAS 
    
                    Google Scholar 
                

	Rathgeber CBK, Cuny HE, Fonti P. Biological basis of tree-ring formation: a crash course. Front Plant Sci. 2016;7:734.
Article 
    
                    Google Scholar 
                

	Eckes-Shephard AH, Ljungqvist FC, Drew DM, Rathgeber CBK, Friend AD. Wood formation modelling–a research review and future perspectives. Front Plant Sci. 2022;13:837648–837648. This paper represents, to our knowledge, the first comprehensive process-focused overview of wood formation models from three disciplines (forestry, fundamental research and dendroclimatology), spanning 50+ years. It is useful to wood-quality modellers interested in simulating wood quality mechanistically from cellular-level processes.
Article 
    
                    Google Scholar 
                

	Cabon A, Peters RL, Fonti P, Martinez-Vilalta J, De Cáceres M. Temperature and water potential co-limit stem cambial activity along a steep elevational gradient. New Phytol. 2020;226:1325–40.
Article 
    CAS 
    
                    Google Scholar 
                

	Schiestl-Aalto P, Kulmala L, Mäkinen H, Nikinmaa E, Mäkelä A. CASSIA–a dynamic model for predicting intra-annual sink demand and interannual growth variation in Scots pine. New Phytol. 2015;206:647–59.
Article 
    CAS 
    
                    Google Scholar 
                

	Carteni F, Deslauriers A, Rossi S, Morin H, De Micco V, Mazzoleni S, et al. The physiological mechanisms behind the earlywood-to-latewood transition: a process-based modeling approach. Front Plant Sci. 2018;9:1053.
Article 
    
                    Google Scholar 
                

	Drew DM, Downes G. A model of stem growth and wood formation in Pinus radiata. Trees. 2015;29:1395–413.
Article 
    
                    Google Scholar 
                

	Drew DM, Downes GM, Battaglia M. CAMBIUM, a process-based model of daily xylem development in Eucalyptus. J Theor Biol. 2010;264:395–406. https://doi.org/10.1016/j.jtbi.2010.02.013. This may be the only published process-based model of wood formation that provides a mechanistic, environment-linked simulation of fibres and vessels in a hardwood. It is the only known model in eucalypts.
Article 
    
                    Google Scholar 
                

	Friend AD, Eckes-Shephard AH, Fonti P, Rademacher TT, Rathgeber CBK, Richardson AD, et al. On the need to consider wood formation processes in global vegetation models and a suggested approach. Ann For Sci. 2019;76:49. https://doi.org/10.1007/s13595-019-0819-x.
Article 
    
                    Google Scholar 
                

	Hartmann FP, Rathgeber CBK, Badel E, Fournier M, Moulia B. Modelling the spatial crosstalk between two biochemical signals explains wood formation dynamics and tree-ring structure. J Exp Bot. 2021;72:1727–37.
Article 
    CAS 
    
                    Google Scholar 
                

	Hartmann FPK, Rathgeber CB, Fournier M, Moulia B. Modelling wood formation and structure: power and limits of a morphogenetic gradient in controlling xylem cell proliferation and growth. Ann For Sci. 2017;74:14 (http://link.springer.com/10.1007/s13595-016-0613-y).
Article 
    
                    Google Scholar 
                

	Hölttä T, Mäkinen H, Nöjd P, Mäkelä A, Nikinmaa E. A physiological model of softwood cambial growth. Tree Physiol. 2010;30:1235–52.
Article 
    
                    Google Scholar 
                

	Vaganov EA, Hughes MK, Shashkin A V. Seasonal cambium activity and production of new xylem cells. Growth Dyn Conifer Tree Rings Images Past Futur Environ. 2006;71–104.

	Wilkinson S, Ogée J, Domec J-C, Rayment M, Wingate L. Biophysical modelling of intra-ring variations in tracheid features and wood density of Pinus pinaster trees exposed to seasonal droughts. Tree Physiol. 2015;35:305–18.
Article 
    
                    Google Scholar 
                

	Cuny HE, Rathgeber CBK, Frank D, Fonti P, Fournier M. Kinetics of tracheid development explain conifer tree-ring structure. New Phytol. 2014;203:1231–41.
Article 
    
                    Google Scholar 
                

	Wilczek-Ponce A, Włoch W, Iqbal M. How do trees grow in girth? Controversy on the role of cellular events in the vascular cambium. Acta Biotheor. 2021;69:643–70.
Article 
    
                    Google Scholar 
                

	Tomescu AMF, Groover AT. Mosaic modularity: an updated perspective and research agenda for the evolution of vascular cambial growth. New Phytol. 2019;222:1719–35.
Article 
    
                    Google Scholar 
                

	Ramos AC, Regan S. Cell differentiation in the vascular cambium: new tool, 120-year debate. J Exp Bot. 2018;69:4231–3.
Article 
    CAS 
    
                    Google Scholar 
                

	De Micco V, Carrer M, Rathgeber CBK, Julio Camarero J, Voltas J, Cherubini P, et al. From xylogenesis to tree rings: wood traits to investigate tree response to environmental changes. IAWA J. 2019;40:155–82 (https://brill.com/view/journals/iawa/40/2/article-p155_3.xml).
Article 
    
                    Google Scholar 
                

	Landsberg JJ, Waring RH. A generalised model of forest productivity using simplified concepts of radiation-use efficiency, carbon balance and partitioning. For Ecol Manage. 1997;95:209–28.
Article 
    
                    Google Scholar 
                

	Battaglia M, Sands P, White D, Mummery D. CABALA: A linked carbon, water and nitrogen model of forest growth for silvicultural decision support. For Ecol Manage. 2004;193:251–82.
Article 
    
                    Google Scholar 
                

	Christina M, Nouvellon Y, Laclau JP, Stape JL, Campoe OC, Maire G. Sensitivity and uncertainty analysis of the carbon and water fluxes at the tree scale in Eucalyptus plantations using a metamodeling approach 1. 2016;309:297–309

	Miehle P, Battaglia M, Sands PJ, Forrester DI, Feikema PM, Livesley SJ, et al. A comparison of four process-based models and a statistical regression model to predict growth of Eucalyptus globulus plantations. Ecol Modell. 2009;220:734–46.
Article 
    
                    Google Scholar 
                

	Forrester DI, Tang X. Analysing the spatial and temporal dynamics of species interactions in mixed-species forests and the effects of stand density using the 3-PG model. Ecol Modell. 2016;319:233–54.
Article 
    
                    Google Scholar 
                

	Ikonen V-P, Peltola H, Wilhelmsson L, Kilpeläinen A, Väisänen H, Nuutinen T, et al. Modelling the distribution of wood properties along the stems of Scots pine (Pinus sylvestris L) and Norway spruce (Picea abies (L) Karst) as affected by silvicultural management. For Ecol Manage. 2008;256:1356–71.
Article 
    
                    Google Scholar 
                

	Biblis EJ. Flexural properties and compliance to visual grade requirements of 2 by 4 and 2 by 6 loblolly pine lumber obtained from a 19-year-old plantation. For Prod J. 2006;56:71–3.

                    Google Scholar 
                

	Dowse GP, Wessels CB. The structural grading of young South African grown Pinus patula sawn timber. South For a J For Sci. 2013;75:37–41.

                    Google Scholar 
                

	Defo M, Duchesne I, Stewart J. Review of the current state of wood quality modelling and decision support systems in Canada . 2016. https://cfs.nrcan.gc.ca/publications?id=36782

	Mäkelä A, Grace JC, Deckmyn G, Kantola A, Campioli M. Simulating wood quality in forest management models. For Syst. 2010;19:48–68.

                    Google Scholar 
                

	West GG, Moore JR, Shula RG, Harrington JJ, Snook J, Gordon JA, et al. Forest management DSS development in New Zealand. In: J. Tucek, R. Smrecek, A. Majlingova JG-G, editor. Implement DSS tools into For Pract. 2013 153–63.

	Kimberley MO, Moore JR, Dungey HS. Modelling the effects of genetic improvement on radiata pine wood density. New Zeal J For Sci. 2016;46:1–8. https://doi.org/10.1186/s40490-016-0064-0.
Article 
    
                    Google Scholar 
                

	Li C, Barclay H, Huang S, Sidders D. Wood fibre value simulation model: a new tool to assist measuring changes in forest landscapes by evaluating forest inventory. Landsc Ecol. 2017;32:1517–30.
Article 
    
                    Google Scholar 
                

	Catchpoole K, Nester MR, Harding K. Predicting wood value in Queensland Caribbean pine plantations using a decision support system. Aust For. 2007;70:120–4. https://doi.org/10.1080/00049158.2007.10675010.
Article 
    
                    Google Scholar 
                

	Xue H, Mäkelä A, Valsta L, Vanclay JK, Cao T. Comparison of population-based algorithms for optimizing thinnings and rotation using a process-based growth model. Scand J For Res. 2019;34:458–68. https://doi.org/10.1080/02827581.2019.1581252.
Article 
    
                    Google Scholar 
                

	Beesley C, Frost A, Zajaczkowski J. A comparison of the BAWAP and SILO spatially interpolated daily rainfall datasets. 18th World IMACS/MODSIM Congr Cairns, Aust. 2009 17.

	Johnston RM, Barry SJ, Bleys E, Bui EN, Moran CJ, Simon DAP, et al. ASRIS: the database. Soil Res. 2003;41:1021–36.
Article 
    
                    Google Scholar 
                

	Poschenrieder W, Rais A, van de Kuilen JWG, Pretzsch H. Modelling sawn timber volume and strength development at the individual tree level– Essential model features by the example of Douglas fir. Silva Fenn. 2016;50:1–25.
Article 
    
                    Google Scholar 
                

	Rais A, Poschenrieder W, van de Kuilen JWG, Pretzsch H. Impact of spacing and pruning on quantity, quality and economics of Douglas-fir sawn timber: scenario and sensitivity analysis. Eur J For Res. 2020;139:747–58.
Article 
    
                    Google Scholar 
                

	Pinkard EA, Paul K, Battaglia M, Bruce J. Vulnerability of plantation carbon stocks to defoliation under current and future climates. Forests. 2014;5:1224–42.
Article 
    
                    Google Scholar 
                

	Pinkard EA, Battaglia M, Roxburgh S, O’Grady AP. Estimating forest net primary production under changing climate: adding pests into the equation. Tree Physiol. 2011;31:686–99.
Article 
    CAS 
    
                    Google Scholar 
                

	Palma JHN, Hakamada R, Moreira GG, Nobre S, Rodriguez LCE. Using 3PG to assess climate change impacts on management plan optimization of Eucalyptus plantations A case study in Southern Brazil. Sci Rep. 2021;11:1–8.
Article 
    
                    Google Scholar 
                

	Kirschbaum MUF, Watt MS, Tait A, Ausseil AGE. Future wood productivity of Pinus radiata in New Zealand under expected climatic changes. Glob Chang Biol. 2012;18:1342–56.
Article 
    
                    Google Scholar 
                

	Drew DM, Bruce J, Downes GM. Future wood properties in Australian forests: effects of temperature, rainfall and elevated CO2. Aust For . 2017;1–13. https://doi.org/10.1080/00049158.2017.1362937

	Stoehr MU, Ukrainetz NK, Hayton LK, Yanchuk AD. Current and future trends in juvenile wood density for coastal Douglas-fir. Can J For Res. 2009;39:1415–9. https://doi.org/10.1139/X09-059.
Article 
    
                    Google Scholar 
                


Download references




Acknowledgements
This study contributes to the Strategic Research Areas BECC and MERGE. The authors are grateful for the suggestions and comments by the anonymous reviewers which improved the manuscript.


Funding
AHES is supported by the European Research Council under the European Union Horizon 2020 programme (Grant 758873, TreeMort). GD and DD acknowledge support from Forest and Wood Products Australia in various projects to understand wood quality in radiata pine in Australia. DD is currently funded by the Hans Merensky Foundation as holder of the Hans Merensky Chair in Advanced Modelling of Eucalypt Wood Formation at Stellenbosch University.


Author information
Authors and Affiliations
	Department of Forest and Wood Science, Stellenbosch University, Private Bag X1, Matieland, 7600, South Africa
David M. Drew & Thomas Seifert

	Forest Quality, PO Box 293, Huonville, TAS, 7109, Australia
Geoffrey M. Downes

	Chair of Forest Growth and Dendroecology, Freiburg University, Tennenbacher Str.4, 79106, Freiburg, Germany
Thomas Seifert

	Department of Physical Geography and Ecosystem Science, Lund University, Sölvegatan 12, 223 62, Lund, Sweden
Annemarie Eckes-Shepard

	Centre de Recherche Sur Les Matériaux Renouvelables, Département Des Sciences du Bois Et de La Forêt, Université Laval, Québec, QC, G1V 0A6, Canada
Alexis Achim


Authors	David M. DrewView author publications
You can also search for this author in
                        PubMed Google Scholar



	Geoffrey M. DownesView author publications
You can also search for this author in
                        PubMed Google Scholar



	Thomas SeifertView author publications
You can also search for this author in
                        PubMed Google Scholar



	Annemarie Eckes-ShepardView author publications
You can also search for this author in
                        PubMed Google Scholar



	Alexis AchimView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                David M. Drew.


Ethics declarations

              
              
                Conflict of Interest

                The authors do not have existing conflict of interest.

              
            

Additional information
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
This article is part of the Topical Collection on Modelling Productivity and Function


Rights and permissions
Springer Nature or its licensor holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


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



Cite this article
Drew, D.M., Downes, G.M., Seifert, T. et al. A Review of Progress and Applications in Wood Quality Modelling.
                    Curr Forestry Rep 8, 317–332 (2022). https://doi.org/10.1007/s40725-022-00171-0
Download citation
	Accepted: 27 July 2022

	Published: 15 August 2022

	Issue Date: December 2022

	DOI: https://doi.org/10.1007/s40725-022-00171-0


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
	Cambial model
	Xylogenesis
	Projection model
	Model ensembles
	LiDAR
	Within-tree variability








                    
                

            

            
                
                    

                    
                        
                            
    
        
            
                Associated Content

                
                    
                        
                        Part of a collection:

                        
                        
                            Topical Collection on Modelling Productivity and Function
                        

                    

                
            

        
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        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
						
						
					


		
	
	
		
			
				
					
					44.220.63.115
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    