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Summary 

Introduction 

A primary objective of growth and yield models is to predict wood volume on an area basis at rotation 
age.  In the Pacific Northwest, these models have historically been based on data from naturally 
regenerated, evenaged stands, incorporating factors such as competition and mortality.  In other regions, 
models have been developed for evenaged plantations as well.  With the increasing reliance on 
plantation forestry in the Pacific Northwest, and the ever-increasing use of genetically improved planting 
stock, questions have been raised about whether current growth and yield models are adequate.  Forest 
growers would like to know how genetic gains estimated at young ages translate into additional volume 
per area at rotation.  With over 40 years of investment in tree improvement in the Pacific Northwest, 
foresters welcome opportunities to capitalize on their investment.  If rotation-age genetic gains were 
known, it would be possible to increase timber valuations during land sale transactions and adjust harvest 
schedules to reflect the anticipated volume increases. 

Current growth models do not specifically model genetically improved plantations.  During this workshop, 
we explored how we could develop new or revised models that incorporate genetic gains.  Another goal 
was to examine whether we can use existing data to obtain provisional answers before these new models 
become available.  Particular emphasis was placed on coastal Douglas-fir in the Pacific Northwest. 

Workshop format 

The workshop had two components (see Table of Contents).  The first component was a one-day series of 
presentations that covered (1) key concepts in tree improvement and growth modeling and (2) ideas for 
incorporating genetic improvement into growth models.  These presentations were prepared for a target 
audience of broadly-trained forest managers.  The second component was a two-day discussion session 
(Workshop Discussion) that explored genetics and growth modeling issues in much greater depth 
(Table 1).  The participants in the Workshop Discussion consisted of individuals with specific experience 
and interest in these topics (see Appendix 1). 

Workshop goals 

The goals of the workshop were to: 

1. Promote discussion among forest geneticists and growth modelers 

2. Promote discussion among researchers who have specifically studied the impacts of genetics on 
growth and yield models 

3. Develop specific recommendations for incorporating genetic gain into Douglas-fir growth and yield 
models 

4. Develop a list of research priorities to better understand the effects of genetics on growth and yield 
models 

5. Inform foresters about the potential effects of genetics on growth and yield models 

6. Evaluate the role of process and hybrid models in forest management and research 

Desired outcomes 

Our desired outcomes included:  (1) a description of models currently in use, (2) short-term 
recommendations on how to incorporate genetic gain into growth projections and harvest yields of 
improved plantations (i.e., to bridge the gap until existing models can be revised, or new models can be 
developed), (3) a description of existing data and studies that can provide future information on how to 
incorporate genetic gain into growth models, and (4) a list of longer-term research priorities.  Future goals 
and tasks that were formulated during the workshop are presented in Table 2.
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Table 1.  Questions addressed during the Genetics and Growth Modeling Workshop Discussion Sessions 
on November 5-6, 2003.  The main conclusions drawn from these discussions are incorporated into the 
workshop Summary. 

Overview 

• Which questions and knowledge gaps do we need to address to incorporate genetics into 
growth models? 

Modeling approaches and issues 

• Which components of growth models should we adjust to account for genetic improvement? 

• How should we modify growth models in the short-term?  Long-term? 

Experimentation and data needs for the Pacific Northwest 

• Will interactions between genotypes and silvicultural treatments (G x S interactions) dramatically 
affect growth modeling? 

What is the evidence for important G x S interactions? 
How important is it to design experiments to measure these interactions? 

• What are the existing and planned Douglas-fir experiments in the Pacific Northwest? 
Are new large-plot experiments needed? 
Are existing and planned Douglas-fir experiments adequate? 
If not, what types of experiments are needed? 

• Can we use operational planting programs to obtain the data needed to incorporate genetics 
into growth models? 

• Can we use existing progeny tests to obtain the data needed to incorporate genetics into growth 
models?  If so, which analytical approaches seem promising? 

Using growth models to improve tree breeding 

• Can we use growth models to improve tree breeding? 

• Which traits should be the focus of genetic improvement to increase stand productivity (i.e., in 
contrast to individual-tree growth)? 

Other improvements to growth models 

• Can we improve growth models by incorporating better site information (e.g., soils, habitat type)? 

• Can we improve growth models by incorporating climatic and weather information? 

Conclusions 

• What are the most important goals and tasks for incorporating genetics into growth models? 
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Table 2.  Goals and tasks formulated during the Genetics and Growth Modeling Workshop Discussion 
Sessions on November 5-6, 2003. 

GOALS 

• Incorporate genetic improvement into existing growth models. 
• Continue to improve existing growth models. 
• Develop the next generation of growth models for the Pacific Northwest incorporating the 

effects of genetic improvement. 
• Use operational planting programs to outplant a large number of experimental/demonstration 

trials of genetically improved vs unimproved stands. 
• Link experiments throughout the region by using standardized methods for calculating breeding 

values. 
• Link experiments throughout the region by including standard genetic reference populations. 

TASKS 

Tasks that focus on incorporating genetic improvement into growth models 

• Use existing progeny test information to calculate growth multipliers for genetic improvement. 
• Develop ‘operational’ planting guidelines for experimental/demonstration trials of genetically 

improved vs unimproved stands. 
• Create standard genetic reference populations and plant them throughout the region. 
• Standardize the calculation of breeding values. 
• Develop a seedlot certification system for the Pacific Northwest. 

 

Tasks that focus on making other improvements to growth models 

• Use existing tree lists (or create new ones) to enter into ORGANON at age 15. 
• Investigate whether better site characterization can be used to improve growth models. 
• Make recommendations on the appropriate frequency and type of measurements for growth 

plots. 
• Modify ORGANON (or link to other models) to start at age zero. 
• Investigate whether climate/weather data can be used to improve growth models. 
• Investigate hybrid models as alternatives to existing growth models. 

 

Why incorporate genetics into growth models? 

Plantations throughout the world are being established with improved tree varieties that have different 
growth characteristics than those used to develop current growth models.  New growth models are 
needed to conduct realistic financial analyses and to guide tree improvement programs (Foster, p. 69). 

Wade Harrison surveyed growth model users from the forest industry, TIMOs (timberland investment 
management organizations), and consulting firms in the U.S. and New Zealand (Harrison, p. 86).  Most 
respondents said that it is important to incorporate genetic improvement into growth models, and that 
this need will only increase in the future.  They generally felt that incorrect decisions will be made unless 
genetic improvement is incorporated into growth models, and some believe that genetics is the “last great 
untapped advantage for U.S. timberland investing.” 

Many of those surveyed are accounting for genetics by using simple assumptions based on either 
empirical data or gut feelings to choose model inputs or make model adjustments.  They have a low 
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comfort level about the way genetic improvement is currently incorporated into growth models, feel that 
their assumptions are too simplistic, and feel that more data are needed to support firm conclusions.  They 
also worry that the estimates of genetic gain are overly optimistic. 

Most respondents felt that genetically improved trees are needed to capture the full potential of advanced 
silvicultural regimes, and that intensive silviculture is needed to capture the full potential from genetic 
improvement.  The respondents tend to have complex views and use unsupported assumptions about 
how genetic improvement will interact with other silvicultural improvements.  Furthermore, these views 
and assumptions are often not reflected in the growth models.  The point was made that models available 
in the public domain will have more credibility than proprietary models. 

How do geneticists identify superior genotypes and estimate genetic gain? 

In Douglas-fir, first-generation genetic gains of 10-30% are expected in height, diameter, and volume 
growth at age 10 to 15.  But how do gains of 10-30% at age 10 to15 translate to rotation age (e.g., 40-70 
years)?  This question, which was posed by Randy Johnson (p. 37), is the focus of this workshop. 

Randy Johnson and Sam Foster described the basic quantitative genetic approaches needed to predict 
genetic gain, including the concept of heritability—the proportion of observable, or ‘phenotypic’, 
differences among individuals that results from corresponding differences in genetic makeup (i.e., 
genotype) (R. Johnson, p. 23).  Both speakers also highlighted the breeder’s central dogma, ‘phenotype = 
genotype + environment,’ which is key to understanding tree improvement. 

The approaches that geneticists use to select superior genotypes and estimate genetic gains are usually 
inadequate for predicting growth superiority at rotation age.  These approaches include the use of small 
plots (mostly single-tree plots in the Pacific Northwest), selection of superior genotypes at an early age 
(perhaps ¼ rotation age), and incomplete sampling of field environments (R. Johnson, p. 38).  Although 
these approaches work well for ranking genotypes at an early age and (presumably) maximizing genetic 
gain per year, suppression of slow-growing genotypes in single-tree plots, imperfect age-age genetic 
correlations, and genotype by site interactions can affect estimates of heritabilities and genetic gains.  The 
methods used by tree breeders are highly efficient, but large-plot genetic experiments must also be 
established (R. Johnson, p. 30). 

Sam Foster reviewed the scientific literature for studies that (1) provide estimates of genetic gain and 
provide relevant data for deciding how to incorporate genetics into growth models (Table 3) and (2) 
actually incorporated genetics into the growth models used to calculate stand volume (Table 4). 

How do biometricians model tree and stand growth? 

Growth models are mathematical representations of the natural dynamics of a forest (Marshall, pp. 41-42).  
Bob Monserud described seven classes of forest models: forest yield models, ecological gap models, 
ecological compartment models, process/mechanistic models, hybrid models, landscape models, and 
global vegetation distribution models (p. 160). 

Growth models may describe the growth of individual trees or stands, or may combine both scales into 
disaggregative models (Marshall, pp. 46-48).  Individual-tree models may have a spatial component (e.g., 
distance-dependent models) or they may be distance-independent.  Process/mechanistic models are 
based on growth processes at the physiological, physical, and biochemical levels, but are not predictive 
(Landsberg, pp. 151-158; Monserud, p. 161).  Hybrid models are a complementary merging of well-
understood processes and reliable tree/stand empirical elements (Marshall, pp. 50-52; Monserud, pp. 
162-163).  Landsberg proposed that the most rapid progress in tree improvement will occur if 
physiologists and process modelers worked together with tree breeders and statisticians. 
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Table 3.  Compilation of scientific literature, by trait, useful in resolving modifications to growth and 
yield models due to forest genetics. 

Trait Species Reference 

   
Individual tree volume Pinus taeda Buford and Burkhart 1987 
 Pinus elliottii Tankersley et al. 1983 
   
Height-diameter function Pinus taeda Buford and Burkhart 1987 
 Pinus taeda Buford 1986 
 Populus deltoides Knowe et al. 1998 
   
Bole taper Pinus taeda Buford and Burkhart 1987 
 Pinus taeda Schmidtling and Clark 1988 
   
Diameter frequency distribution Pinus radiata Carson and Hayes 1998 
 Pinus taeda  Janssen and Sprinz 1987 
 Pinus taeda Nance and Bey 1979 
 Populus deltoides Knowe et al. 1994 
 Pinus elliottii Spirek et al. 1981 
   
Site index (SI); height/age curve Pinus taeda Raley et al. 2003 
 Pinus taeda Schmidtling and Froelich 1993 
 Pinus taeda Knowe and Foster 1989 
 Pinus taeda Buford and Burkhart 1987 
 Pinus taeda Nance and Wells 1981 
 Pinus taeda Sprinz 1987 
 Pinus taeda  Lowe and  van Buijtenen 1991 
 Pinus taeda Sprinz et al. 1989 
 Pinus radiata Carson and Hayes 1998 
 Pinus radiata Carson et al. 1999 
 Pinus pinaster Magnussen and Kremer 1993 
 Cunninghamia lanceolata Tang et al. 2001 
 Populus deltoides Knowe et al. 1998 
 Larix leptolepis Magnussen and Park 1991 
   
Stand density vs average Pseudotsuga menziesii Stonecypher and McCullough 1981 
individual-tree size Pinus taeda  Nance et al. 1983 
 Pinus taeda Land and Nance 1987 
 Pinus taeda Schmidtling and Froelich 1993 
 Pinus taeda Schmidtling 1988 
 Pinus taeda Buford 1989 
 Populus hybrids Panetsos 1980 
 Eucalyptus tereticornis x grandis Bouvet 1997 
   
Stand density vs mean plot traits Pinus taeda  Buford 1989 
 Pinus taeda Land et al. 2004 
 Pinus radiata  Carson et al. 1999 
   
Basal area Pinus radiata Carson et al. 1999 
 Pinus taeda Schmidtling and Froelich 1993  
 Populus trichocarpa  x deltoides  Stanton 2001 
 Populus deltoides Knowe et al. 1994 
 Cunninghamia lanceolata Tang et al. 2001 
   
Biomass traits Pinus taeda  McCrady and Jokela 1996 
 Pseudotsuga menziesii St. Clair 1993 
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Table 4.  Scientific literature reporting growth and yield models that incorporate genetic effects 
into the calculation of stand volume. 

Species Approach Reference 

   
Chamaecyparis obtusa Modeled improved populations Kurinobu and Shingai 1987 

Pinus monticola Modeled improved populations vs 

unimproved populations 

 Rehfeldt et al. 1991 

Pinus ponderosa Modeled improved populations  Hamilton and Rehfeldt 1994 

Pinus radiata Derived growth rate multipliers for height, 

basal area, and calculated volume increase 

Carson, Garcia, and Hayes 1999 

Pinus radiata Modeled growth of seedlots Goulding 1994 

Pinus radiata  Modeled seedling vs rooted cutting stands Holden et al. 1995  

Pinus taeda Modeled pure family stands Knowe and Foster 1989 

Pinus taeda Simulation modeling of pure family and 

mixed family stands 

Nance 1982 

Pinus taeda Simulation modeling of improved vs woods 

run seedlots 

Nance and Bey 1979 

Pinus taeda Modeled pure provenance stands Nance and Wells 1981 

Populus deltoides Modeled pure clone and mixed clone stands Foster and Knowe 1995 

Populus deltoides Modeled improved clonal stands Cao and Durand 1991 

   

 

Growth models differ in the elements that drive the models and in their data input requirements.  Crown 
shape is a component of many growth models (e.g., Goudie p. 96), but is rarely measured in progeny 
tests—even if it is an important factor in sawlog quality (but not pulpwood production). 

Most growth models are designed for stands greater than 10 to 15 years-old (i.e., after vegetative 
competition has been overcome).  Nonetheless, genetic tests in the Pacific Northwest are rarely measured 
beyond age 15.  While young stand models do exist (e.g., CONIFERS and RVMM), there is a discontinuity 
when information from one growth model is fed into another (e.g., CONIFERS feeding into ORGANON at 
age 15).  One conclusion from the Workshop Discussion was that it would be valuable to modify the 
CONIFERS model so it can be used for young Douglas-fir stands in Oregon and Washington and provide 
output that can be fed into ORGANON. 

Models used in the Pacific Northwest 

Many growth models have been used in the Pacific Northwest.  In the past 20 years, there have been 
about 20 models developed that are applicable to the west coast (Marshall, p. 48).  A few of the major 
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models being used include TASS in British Columbia and ORGANON in Washington and Oregon.  
Although both of these models are individual-tree models, TASS is a distance-dependent model, whereas 
ORGANON is distance-independent. 

The TASS model for British Columbia was described by Jim Goudie (Goudie, pp. 95-100).  TASS is a stand 
simulator that is driven by height growth using a 1-year growth step.  Other important components of the 
model include crown expansion, mortality, and volume increment.  TASS is already incorporating genetic 
worth into stand projections (Goudie, pp. 100-108).  Genetic worth (GW) estimates are translated into 
genetic gains at the selection age, and the gains are allowed to decay over time such that the percentage 
increase in volume at the index age is in agreement with the predicted genetic worth estimates.   Genetic 
worth estimates at rotation are projected using age-age correlations (after Lambeth, 1980).  Realized 
genetic gain trials are considered essential to validate and verify the performance of young genetic 
selections (Goudie, p. 107). 

ORGANON was the main model discussed in terms of future genetic gain incorporation.  The main 
components of ORGANON include height and diameter growth, crown recession, and mortality 
(Marshall, p. 53).  ORGANON has a 5 year growth step and is designed so that other subcomponents can 
be developed and then incorporated into the main model.  As mentioned above, CONIFERS and RVMM 
are young stand models that can provide data that may be fed into ORGANON. 

As a corollary to models for the Pacific Northwest, Steve Knowe described models used in the 
southeastern U.S. (Knowe, p. 136).  Genetic improvement is not included in these models, although the 
North Carolina State University model can be modified for different height-age and volume equations 
(e.g. family-specific height-age curves). 

Geneticists and modelers view growth and genetic gain differently 

The traits of interest to geneticists and growth modelers often differ.  Geneticists typically focus on 
individual-tree traits such as tree height, diameter, volume, crown size, mortality, stem taper, branch size, 
etc. (G. Johnson, p. 73).  Genetic variation and genetic gain have been demonstrated for each of these 
traits.  Although these traits are consistent with the architecture of individual-tree growth models, 
modelers are often interested in other stand-level traits and growth functions as well—traits such as 
volume or basal area per hectare, dominant stand height, height and diameter frequency distributions, 
etc. (Foster, p. 63; G. Johnson, p. 73; Buford, p. 129).  Genetic variation has also been demonstrated for 
some of these traits—i.e., height-diameter functions, height and diameter frequency distributions, height-
age ratios, stand density versus average size of individual trees, stand density versus plot mean traits, and 
basal area per hectare (Foster, pp. 58-59).  Alternatively, for process models, we may be interested in 
changes in photosynthetic or water-use efficiency, carbon allocation, or the architecture of crowns or 
roots (G. Johnson, p. 74). 

Another distinction between geneticists and growth modelers is that geneticists often measure genetic 
gain at a particular point in time.  From a modeling perspective, however, Greg Johnson stressed the 
importance of being able to measure genetic differences in the components of tree and stand growth 
(e.g., differences in growth curve parameters) (G. Johnson, p. 72).  Given that growth differences are 
present, then it becomes important to know how long these differences persist (i.e., what is the duration 
of growth differences?).  Our ability to predict future differences in volume per hectare is largely 
dependent on our ability to estimate these genetic differences in growth curves on a stand basis. 

Whereas site index curves are generalizations over many sites, geneticists want to understand how much 
additional volume may be expected at rotation by planting a seedlot of a certain breeding value 
(generalized across a breeding zone) on a specific site.  Although this goal may be unrealistic, it would 
require fine-scaled knowledge of genotype by site interactions.  Furthermore, geneticists want to be able 
to model the effects of competition and stand structure, and to understand how to alter silvicultural 
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practices in conjunction with improved planting stock to optimize yields.  Geneticists and modelers should 
be working together to design trials and gather data that will provide information needed by both. 

Genotype by silviculture interactions 

Other factors that must be considered are the effects of silvicultural treatments on growth, and the 
interaction between genetics and silvicultural treatment.  The relative performance of different genotypes 
may vary among management regimes—i.e., between clearcut and shelterwood regeneration systems, 
fertilized vs non-fertilized plantations, good vs poor vegetation control, or different stand densities.  
Therefore, it is valuable to know whether genotypes that are superior under one silvicultural regime will 
also perform better under alternative regimes.  A genotype by silviculture interaction exists when two or 
more genotypes perform differently relative to one another under different silvicultural treatments.  These 
differences may involve changes in rank (i.e., genotype 1 outperforms genotype 2 in treatment A, but 
underperforms genotype 2 in treatment B) or changes in magnitude (i.e., genotype 1 performs much 
better than genotype 2 in treatment A, but only a little better than genotype 2 in treatment B). 

Sue Carson and Brad St. Clair noted that genetics by silviculture interactions were generally small and 
unimportant, including interactions between genotype and fertilizer, spacing, shading, and vegetation 
control.  In New Zealand, realized gains trials validated these observations (Carson, p. 126).  Given the 
dearth of evidence supporting the existence of major genotype by silviculture interactions, this does not 
seem to be a high priority for future research efforts. 

Existing data and studies in the Pacific Northwest 

Existing studies may be useful for studying the impacts of genetic improvement on tree and stand growth 
and yield.  First, large block-plots of families or clones can be used to study stand-level growth directly.  
Second, it may be possible to use single-tree progeny tests to indirectly obtain estimates of stand-level 
growth.  In contrast, row-plot progeny tests were considered generally inappropriate for estimating stand-
level growth.  Greg Johnson argued that modeling efforts require experiments designed specifically for 
that purpose.  Because of their large size, long duration, high cost, and complexity, few well designed 
experiments have been established to specifically study the impacts of genetics on stand growth.  
Nonetheless, large-plot experiments are needed to fully understand the impacts of genetics on stand 
growth.  Stand dynamics information should come from block plots that are at least 0.25 acres in size, 
have at least 30 to 50 observations per plot, have multiple observations in time, and sample different 
stand densities (Buford, p. 130). 

Experiments are underway in the Pacific Northwest, including the (1) Type IV experiment being initiated 
by the Stand Management Cooperative (SMC) and the Northwest Tree Improvement Cooperative 
(NWTIC), (2) Genetic Gain Trials being conducted by the NWTIC and the USFS Pacific Northwest Research 
Station (PNWRS), and (3) Family Deployment Study being conducted by the PNWRS (St. Clair).  These 
experiments were summarized by Brad St. Clair and David Briggs during the Workshop Discussion. 

In New Zealand, gains predicted from tests using single-tree plot were similar to those predicted from tests 
using block-plots (Carson, p. 125).  If plantations consist of family mixtures, rather than pure family blocks, 
then the variation within single-tree progeny tests should provide estimates of the variation within 
operational plantations, as long as there are enough individuals per family in the tests. 

Although Sam Foster proposed that a series of large block-plot studies with a variety of species would 
produce the data needed to answer many of the outstanding questions, there was little optimism that 
resources would be available for experiments of this scale.  The consensus among the Discussion 
participants was that the benefit/cost ratio of installing new large-scale experiments is not high enough to 
justify their implementation.  Experiments in the ground should answer our most pressing questions in 
due time.  Nonetheless, it will be valuable to include multiple varieties in future growth and yield trials, 
conduct retrospective analyses on existing experiments to determine why genetically superior varieties 

8



 

perform better, and use operational planting programs to establish simple demonstration/experimental 
comparisons of improved vs unimproved varieties (Foster, p. 69). 

How should genetics be incorporated in growth models? 

The most accurate way to incorporate genetics into growth models would be to derive entirely new 
models based on long-term measurements of superior genotypes in large-plot experiments (G. Johnson, 
p. 74).  If the new models had the same form as earlier models, then it would also be possible to see how 
the growth functions changed in response to genetic improvement.  Because there is not enough data to 
do this, other approaches have been used.  These include (1) site index adjustment, (2) effective age 
adjustment, and (3) growth modifiers (G. Johnson, p. 74) (‘growth modifiers’ are referred to as ‘growth 
multipliers’ by Sue Carson, p. 119).  Greg Johnson discussed the advantages and disadvantages of each 
approach using examples (pp. 75-79).  Overall, the growth modifier approach seemed to be the most 
promising short-term solution.  This would entail developing a multiplier for each component of the 
model (e.g., growth trait) that is correlated with the breeding value of that trait.  Growth modeling 
software would be designed so that the major growth functions could be easily adjusted (e.g., to include 
growth modifiers for genetic improvement).  Although site index and effective age adjustments may be 
more commonly used, a case was made against using the site index adjustment.  Sue Carson and her 
colleagues used a growth multiplier approach to study the impacts of genetics on growth modeling of 
radiata pine in New Zealand (pp. 117-127).  The success of this approach was greatly enhanced by the 
availability of a series of comprehensive (49-site), large-plot genetic gain experiments planted between 
1978 and 1994.  In general, the New Zealand results support the following conclusions: (1) growth 
multipliers are an effective way to incorporate genetics into growth models; (2) increases in growth rate 
(growth multipliers) are proportional to genetic superiority; (3) increases in growth rate are constant 
across stands ages, regions, and tree stocking levels (i.e., thinning regimes); (4) genetic gains estimated 
from progeny tests are similar to actual diameter increases in large-plot trials; and (5) diameter and height 
distributions do not differ among improved seedlots. 

During the Workshop Discussion, Greg Johnson reported on his experience using growth modifiers to 
study the impacts of genetics on a Douglas-fir individual-tree growth model (ORGANON).  Family growth 
functions were generated using data from family block plots, and then compared to growth functions 
from stands consisting of mixed genotypes.  During the Workshop Discussion, it was suggested that 
multipliers could be used to fit the ORGANON model to existing progeny trials.  The ideal verification 
situation would be to carry out a meta-analysis of family or clonal replicates that are established in both 
block plot and single-tree plots, where within-family variation could be sampled and the effects of stand 
structure compared. 

Short-term solutions 

To assist forest planners over the short term, the development of growth modifiers from single-tree plot 
progeny tests which can be fed into ORGANON was seen as an important first step for the region 
(Table 2).  This approach should be easy to implement, and should provide short-term solutions in the 
near future.  Development of tree lists for young stands that can be fed into ORGANON was also a 
priority.  A case was made for standardizing the procedures used to estimate breeding values in the 
Pacific Northwest.  The frequency of scheduled progeny test measurements may need to be adjusted.  
After crown closure, heritabilities are inflated by intergenotypic competition, but a growth model may be 
able to remove this bias. 

Long-term needs 

On a long-term basis, practitioners should be addressing the issue from numerous standpoints.  One 
option is to establish large block-plot experiments of paired treatments as part of an operational planting 
program (Table 2).  By using ongoing, operational planting programs, it should be feasible to install these 
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experiments on a large scale across many sites.  These experiments could compare one checklot and one 
seedlot of known genetic worth.  It was also suggested that crown measurements should be incorporated 
into progeny test analyses.  Validation of genotypic performance through large block-plot experiments 
was viewed as a high priority.  Better site and genotype by site characterization is desirable, and could 
form the basis for refining operational planting guidelines for the deployment of genetically improved 
materials so that their genetic potential is optimized.  The importance of a seedlot certification system for 
genetically improved seedlots was also recognized.  Additionally, exploration of the potential ramifications 
of climate change is needed. 

Modelers were encouraged to use spatial data from progeny trials in spatially explicit models, such as 
TASS, and simulate growth of the test stand.  A genetic multiplier would be used to fit the model to 
existing progeny trials.  Major additions that could be incorporated into current models such as 
ORGANON include young stand development, climate, and site characterization.  Hybrid model 
development was also encouraged to further investigate physiological and morphological differences 
between genotypes as related to tree and stand growth. 
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Appendix 1.  Genetics and Growth Modeling Workshop Discussion Sessions 
November 5-6, 2003 

On November 5-6, 2003, a group of forest geneticists and growth modelers discussed how to incorporate 
genetics into growth models, focusing on the needs of the Pacific Northwest.  The participants included 
researchers and land managers from universities, governmental agencies, and forest industries from the 
United States, Canada, New Zealand, and Australia.  This group addressed a wide range of questions from 
diverse perspectives—participants included both geneticists and growth modelers, and both researchers 
and practitioners with experience breeding and managing stands of Douglas-fir, loblolly pine, radiata 
pine, and eucalyptus.  The main conclusions drawn from these discussions are included in the previous 
workshop Summary. 

 

Participants in the Genetics and Growth Modeling Workshop Discussion Sessions held on 
November 5-6, 2003. 

Participant Affiliation 

  
Paul Anderson USFS Pacific Northwest Research Station 

David Briggs Stand Management Cooperative, University of Washington 

Jean Brouard Western Boreal Aspen Corp. 

Susan Carson Carson Associates 

Marilyn Cherry PNWTIRC, Oregon State University 

G. Sam Foster Mississippi State University 

Jim Goudie British Columbia Ministry of Forests 

David Hann Oregon State University 

Mark Hanus Forest Technology Group 

Wade Harrison Forest Technology Group 

Scott Holmen Olympic Resource Management 

Glenn Howe PNWTIRC, Oregon State University 

David Hyink Weyerhaeuser Company 

Keith Jayawickrama NWTIC, Oregon State University 

Sally John Isabella Point Forestry Ltd. 

Greg Johnson Weyerhaeuser Company 

Randy Johnson USFS Pacific Northwest Research Station 

Joe Landsberg CSIRO, Australia (retired) 

Bailian Li NCSU-Industry Cooperative Tree Improvement Program 

David D. Marshall USFS Pacific Northwest Research Station 

Robert A. Monserud USFS Pacific Northwest Research Station 

Mike Mosman Port Blakely Tree Farms 

Tim Mullin NCSU-Industry Cooperative Tree Improvement Program 

Martin Ritchie USFS Pacific Northwest Research Station 

Andrew Robinson University of Idaho 

Brad St. Clair USFS Pacific Northwest Research Station 

Eric Turnblom Stand Management Cooperative, University of Washington 

Tongli Wang University of British Columbia 

Chang-yi Xie British Columbia Ministry of Forests 
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Over the last two decades, the number of forest growth models has increased at an astonishing rate due 
to the availability of data, better understanding of the basic processes of forest development and the 
power of computers.  This presents the model user with a wide array, and sometimes confusing, set of 
choices.  The eventual choice of which model to use will depend on matching the model’s resolution and 
scale to the management decision being made, ease of use, interpretability of the output, and the 
accuracy of projections.  A major starting point for most management decisions is the stand level 
inventory, which can be scaled up to provide information at the forest level and scaled down to the tree 
level.  Most decisions that the manager is concerned about represent a time scale between the inventory 
cycle (5-10 years) and rotations (4-6 decades).  

Models that are used for forest management decisions are generally thought of as empirical or process in 
nature.  Empirical models are based on statistical correlations and tend to be based on large data sets of 
variables relevant to managers.  The result is that these models tend to be accurate within the range of 
the data (species, treatments, geographic, and time).  However, the data sets required are expensive to 
collect and the models may not be applicable to new or changing conditions (species, treatments, 
geographic areas, or climate).  Of major concern are the use of site index to measure productivity and the 
potential impacts of changing climate.  Process models may be better suited for applying to new species 
or conditions because they are based on basic ecophysiological processes (acquisition and allocation of 
carbon as affected by light regimes, temperature, water, and nutrition).  While generally less data 
dependent, these models have generally come from a research background with a focus on 
understanding the processes rather than providing management information and tend to be very 
complex.  However, much of this is changing with the development of hybrid models, which combine the 
best components from both empirical and process models. 

40



41



42



43



44



45



46



47



48



49



50



51



52



53



54



55



56



57



 

Incorporating genetics into growth models:  a geneticist’s perspective 

 

G. Sam Foster 

Mississippi State University 

 

Tree improvement is a discipline within the general field of silviculture.  From the beginning of the 
discipline, the three major issues were:  1) demonstrating whether traits of forest trees were inherited, 2) 
determining which traits to select, and 3) understanding how genetic improvement will manifest itself in 
forest stands.  A great deal of research and development was conducted on inheritance patterns and 
testing and selection in the first 30 years (1950s to 1980s), while the last 20 years have seen more of an 
emphasis on stand level development and realized genetic gain.  Unfortunately, due to the large size, 
complexity, cost, and long time period, relatively few studies have been established exclusively to examine 
the role of genetics on stand establishment and growth.  Data from such studies will be needed in order 
to develop predictive models. 

Measurement of genetic gain ultimately will be in stand productivity (i.e., volume/ha); however, the 
logistics of progeny test size and time period to reach rotation has caused tree breeders to seek 
efficiencies in both logistics and generation time.  The result has been development of efficient progeny 
test design with small plots (1-10 trees) per variety [provenance (seed source), family, or clone] in a few 
blocks (5-8 per site) planted at a few sites (2-6 sites).  Theoretical and empirical experiments have shown 
that the most efficient selection age is 5-12 years for most species and the most common traits for 
selection are mean individual tree height, dbh, or volume.  Some tree breeders are beginning to select for 
dominant-codominant height or site index.  Historically, tree breeders have relied on correlated response 
in stand volume per ha at rotation length based on direct selection for a genetically related trait such as 
mean height, dbh, or volume.  This is a sound approach based on theoretical as well as empirical 
considerations.  However, more and more concern is being voiced regarding the relationship between 
progeny test plot configuration (e.g., single-tree, row, multiple-tree non-contiguous, or block) and 
deployment of improved varieties.  Common practice worldwide in plantation establishment is to either 
plant a mixture of varieties, a mosaic of pure varieties at a site, or a single variety at a site.  Despite a 
wealth of information on intergenotypic competition in the agronomic crop literature and a few 
theoretical studies in forest genetics, there are only a handful of empirical studies on the effect of 
deployment on realized genetic gain.  Much work needs to be done in this area. 

Several, mostly retrospective, studies have been conducted over the past 25 years to examine the 
feasibility of modeling the genetic component of growth functions of forest trees.  Researchers have 
examined genetic variation, generally with provenances or open-pollinated families, in most of the 
generally accepted functions of either stand level or individual tree growth and yield models.  Genetic 
variation has been verified for functions such as: height-diameter, bole taper, diameter frequency 
distributions, height frequency distributions, height/age or site index, stand density versus average size of 
individual trees, stand density versus plot mean traits, basal area, and biomass traits.  Only two studies 
were conducted to examine differences for individual tree volume equations and no difference was found 
between genetically improved versus unimproved stands.  Few, if any, studies have been conducted to 
test for genetic differences in the survival function.  Although, for single ages, survival has been shown to 
have a genetic basis especially on harsh sites.  In at least 12 studies, these various functions, modified for 
genetics, have been combined in a growth and yield model, either stand level or individual tree level.  
Each approach has its advantages and disadvantages.  For example, stand level models are generally 
easier to develop and certainly serve as a first approximation especially when deployment is with a single 
variety per stand.  Individual tree models are more complex and demand additional traits such as crown 
dimensions and/or distances between trees (distance dependent model); but these models may work 
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better for mixed variety stands and will lead to a more mechanistic understanding of the influence of 
genetics on tree and stand development. 

The vast majority of the studies that have been published regarding forest genetics and growth and yield 
modeling were retrospective studies using provenance or progeny tests that just happened to have large 
plots (e.g., 49 tree plots).  Few studies have been published which were designed to answer specific 
questions on stand growth and yield.  In their paper, Nance et al. (1987) formulated ten hypotheses that 
were critical to understanding genetic effects on stand growth and yield.  To date, several studies have 
been published that address many of these hypotheses.  Few, if any, research results have been published 
to date on four of the ten hypotheses; and a single large study is proposed in the current talk that would 
produce data useful in testing these four remaining hypotheses.  A review of the published papers in the 
area shows a common theme in that relatively few (e.g., 2-4) significantly different variations on model 
parameters result in each paper.  For example, even though 11 families are tested for height/age function, 
there may only be two or three significantly different curves that result.  A challenge to growth modelers 
is to develop a process which allows discrimination among varieties as early as possible as to the basic 
model form that they follow. 

New experiments should be modified to incorporate genetics.  At least a few varieties should be included 
in growth and yield studies, especially varieties with known growth traits (fast versus slow growth; wide 
versus narrow crowns; long versus short live crowns, etc.).  Retrospective analyses should be conducted 
on existing studies to determine why (physical or physiological attribute) varieties behaved differently.  
Was the cause crown size, root size, water, or nutrient use efficiency, etc.?  A significant effort should be 
initiated by university faculty or USDA Forest Service scientists with forest industry to establish plots in 
pure variety stands in operational plantations and use the analyses to modify regional models. 

Growth and yield models must be modified as soon as possible to accommodate genetics.  In many 
regions of the world where plantation forestry is used extensively (SE U.S., Brazil, South Africa, Chile, New 
Zealand, and Australia), most of the plantations are regenerated with genetically improved stock.  The 
older growth and yield models are no longer useful.  Modelers must modify their models to incorporate 
genetic effects if the managers are to use them.  Subroutines could be incorporated that can be used to 
modify the major functions for genetic differences, e.g., height/age, diameter distributions, and taper 
functions.  It is clearly time to begin delivering to forest managers, financial analysts, and landowners the 
modeling tools that they need to make informed decisions regarding the use and deployment of 
genetically improved planting stock. 
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Incorporating genetics into growth models: A modeler’s perspective 

 

Greg Johnson 

Weyerhaeuser Company 

Federal Way, Washington 
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Genetic effects in growth and yield models: what do model users think? 

 

Wade C. Harrison 

Forest Technology Group 

Summerville, South Carolina 

 

Users of growth and yield models are a diverse group that includes land management foresters, 
consulting foresters, resource planners, database managers, and researchers.  Many of these users 
encounter model applications that require genetic or tree-improvement response in model output.  Users 
often place considerable importance on such applications, and usually feel their importance will grow in 
the future.  They tend to have a low comfort level in their ability to model genetic effects, and usually do 
so by making simplistic assumptions about model inputs (e.g. height or site index) or outputs (e.g. volume 
per acre).  They tend to feel that expert opinion on genetic effects is optimistic, and that responses must 
be considered in the context of other silvicultural treatments. 
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Integration of genetics into growth models: state of the art in B.C. 

 

Jim Goudie 

B.C. Ministry of Forests Research Branch 

Victoria, B.C. 

 

The tree improvement program has a long, successful history in British Columbia.  Extensive provenance 
and progeny trials typically designed as small clusters or rows of related trees followed the selection of 
superior phenotypes.  Based on these trials, numerous seed orchards are now supplying superior, “A-
grade” seedlings for most plantations.  Questions arise about the impact these superior trees will have on 
silvicultural decisions on individual stands and timber supply at the forest level.  Lacking any area-based 
data, at first, yield tables were simply scaled up by a fixed percentage, typically 5%.  Later, site index was 
shifted by the amount shown in early tests but the long-term projections did not account for unknown 
risks.  In the late 1990s, Ministry geneticists and growth and yield specialists incorporated an interim 
method based on a modification of the well-known research of Lambeth (1980), who predicted the 
correlation between early and late genetic gain.   

This presentation will (1) review the original research of Lambeth, (2) present the modification now 
incorporated into the Tree and Stand Simulator (TASS) and its associated software, TIPSY (Table 
Interpolation Program for Stand Yield), and (3) demonstrate the impacts of tree improvement at the stand 
and forest level.  Also discussed will be a review of realized gain trials established in the last decade in BC 
that will allow both validation and development of growth models, and ancillary studies that will improve 
future predictions of the volume and, particularly, value of British Columbia’s forests. 
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Modelling genetic gain in growth in New Zealand: 1986-2003 

 

Sue D. Carson 

Carson Associates Ltd. 

Rotorua, New Zealand 

 

Stand growth models in New Zealand have the capacity to predict growth of genetically improved 
seedlots. This has been made possible because of the extensive estate of large-plot genetic gain trials 
planted from 1978 to 1994, representing 49 sites and over 60 seedlots. Over half of these trials have 
silvicultural treatments, as well as genetically different seedlots. The over 1390 permanent sample plots 
(PSP) in these trials have been measured annually from age 5-8 until age 15, then bi-annually after that. 
Genetic gain has been observed in all trials, although occasionally a particular seedlot did not perform as 
expected. However, differences related to site and silviculture are 8-14 times greater than differences 
related to genetics.  

Genetic gain has been incorporated into growth models as a process, that is, as an increase in growth 
rate, termed a “growth rate multiplier” or “genetic gain multiplier”. Genetic gain multipliers have been 
estimated using annual measurements from 18 large-plot trials with 35 seedlots and 495 PSP. Increases in 
rate of basal area growth are 4-5 times as great as increases in rate of height growth. Genetic gain 
multipliers for basal area are strongly and linearly correlated with breeding values for diameter, which 
were estimated from extensive single-tree plot trials. Genetic gain multipliers did not appear to differ 
among growth modelling regions or silvicultural treatments. Large-plot genetic gain trial data does not 
support the hypothesis that the benefits of genetic gain decrease as stands age. 

Predictions using genetic gain multipliers were validated using growth models and data not used for 
estimation of the multipliers. Prediction of growth of improved seedlots using the multipliers was better 
than with the unmodified models. Predictions of genetic gain from progeny trials appeared, on average, 
to be quite accurate, although a large variation around the prediction was apparent. Prediction using 
genetic gain multipliers in growth models is likely to be more accurate for specific stands with a specific 
silviculture treatment. 

The concept of a genetic gain multiplier is robust. The approach models a process, rather than just fitting 
data, making it possible to extrapolate to sites, silviculture, and seedlots not represented in genetic gain 
trials. Similar estimates of genetic gain multipliers should be obtained regardless of growth model form, as 
long as both models predict growth well and a rate of increase term can be defined. In addition, estimates 
obtained using one form of growth model could be used in a growth model of a different form or 
developed using data from a different region. This would have great advantages for prediction of growth 
of the genetically improved seedlots in areas that do not yet have genetic gain trials.  
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Estimation of genetic gain multipliers Estimation of genetic gain multipliers 
from genetic gain trial datafrom genetic gain trial data

(Carson, Garcia & Hayes 1999)(Carson, Garcia & Hayes 1999)

Basal areaBasal areaHeightHeightSeedlotSeedlot

1.2641.2641.0451.045Control pollinatedControl pollinated

1.1301.1301.0511.051OP seed orchardOP seed orchard

1.0001.0001.0001.000Climbing selectClimbing select
0.9970.9970.9980.998UnimprovedUnimproved

Growth rate multipliersGrowth rate multipliers

With more extensive dataWith more extensive data

Compare: Compare: 
•• Growth rate multipliersGrowth rate multipliers estimated from 18 estimated from 18 

largelarge--plot trialsplot trials with 35 with 35 seedlotsseedlots and 495 and 495 
plots, ages 5plots, ages 5--19 years, and  19 years, and  

•• Breeding ValuesBreeding Values for diameter estimated for diameter estimated 
from 41 from 41 singlesingle--tree plot progeny trialstree plot progeny trials, , 
1800 parents, approx age 8 years, BLUP1800 parents, approx age 8 years, BLUP

121



122



123



124



125



126



127



 

Incorporating genetics into growth and yield models:  stand dynamics considerations 

 

Marilyn A. Buford 

National Program Leader for Quantitative Ecology Research 

USDA Forest Service 

Washington, DC 

 

Incorporating genetics information into growth and yield models requires considering model types and 
their primary drivers, examining and quantifying growth patterns of genetically improved stands, and 
developing data appropriate for growth and yield analysis of genetically improved stock.  Results from an 
effort to develop guidelines for incorporating the effects of genetic improvement into various types of 
growth and yield models for loblolly pine plantations indicate that at the seed source and family levels: 1) 
the shape of the height-age curve is dictated by the site, but the level of the curve is dictated by the seed 
source or family; 2) the shape of the height-diameter relationship at a given age is determined by the site 
and initial density, while the level of the relationship is determined by the seed source or family and is 
directly related to the dominant height of the seed source or family at that age; and 3) slopes of self-
thinning trajectories do not differ by seed source, but the level of the self-thinning trajectories is strongly 
positively correlated with the exhibited site index of the seed source.  Implications for modeling growth of 
genetically improved stands are:  1) genetic improvement affects the rate at which stands develop, but 
does not fundamentally alter the pattern of stand development from that of unimproved stands; 2) 
changes in genetic material on a given site will likely affect the level, but not the shape, of basic 
relationships such as the height-age and height-diameter curves; and 3) appropriately characterizing the 
height-age profile will be very important for modeling stand growth and yield of genetically improved 
stands. 
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Integration of genetics into growth models: state of the art and challenges in the 
southern U.S. 

 

Steven A. Knowe 

Department of Forestry, Wildlife, and Fisheries 

University of Tennessee, Knoxville 

 

Forest growth models typically used in the Southern U.S. are explicit and implicit yield systems.  The 
explicit systems provide estimates of basal area or volume per unit area, while the implicit systems provide 
information on stand structure (distribution of tree diameter and height), and the components of stand 
structure are used to estimate yield.  With few exceptions, these models do not include genetic effects.  
Several reasons for not including genetics are discussed. 

Examples of both explicit and implicit systems that include genetic effects are presented, with emphasis 
on a diameter distribution approach to modeling mixtures of eastern cottonwood clones.  Modifications 
to include interactions between specific clones and to estimate the relative contribution of each clone in 
mixtures are demonstrated.  Two methods for incorporating genetic effects into existing forest growth 
models are: 1) to modify the height-age curves, thereby adjusting site index; and 2) to adjust the age.  
These methods are demonstrated for an explicit yield system by using data from an open-pollinated test.  
The best results in terms of bias, average deviation, and fit index were obtained for basal area and volume 
by combining family-specific height-age curves and an overall age adjustment function.   

Breeding programs could be modified to provide data suitable for developing growth models.  
Genetically improved trees can be planted in plots that are large enough to include 70 (minimum 30) 
trees of each family, in both single-family plots and in mixtures of two or more families.  In addition, 
interactions with other silvicultural treatments such as herbaceous weed control and fertilization should 
be included in field studies. 
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Process models and tree breeding 

 

Joe Landsberg 

Mt Wilson, NSW, Australia 

 

Process-based simulation models describe the essential features of systems such as forest stands in terms 
of the (physiological) processes that determine the way the systems behave and respond to change.  
These processes include the absorption of solar energy (light) by plants, the conversion of this energy into 
carbohydrate by the process of photosynthesis and the allocation of the carbohydrate (biomass) to the 
component parts of the plants.  Models have to account for losses by respiration and the way these 
processes are modified by environmental conditions.  Breeders have relatively limited opportunities to 
improve productivity: light interception can be changed by changing canopy structure (this can also be 
done by stand management); photosynthesis is conservative and not amenable to modification except 
(possibly) through stomata; it is possible to modify frost and drought tolerance, but these relate more to 
ecological location and climatic probabilities than growth and yield improvement in a particular location.  
The best candidate for genetic modification appears to be biomass distribution to roots and stems. 

Process-based models (PBMs) can be used to explore the feasible limits of possible modifications and 
‘genetic gain’, provided the genetic gain can be described in terms of processes amenable to quantitative 
description.  (If it cannot, we have to ask: through what process are the genes modifying growth?).  PBMs 
can also be used to explore the effects of environment on the growth of trees/stands, and hence should 
be able to contribute to evaluation of genotype x environment interaction.  In this presentation the 3-PG 
model (Landsberg and Waring, 1997) is used to illustrate some likely results of genetic modification and to 
provide a basis for more detailed discussion. 

Hybrid models – which combine PBMs and conventional mensuration-based models – appear to offer the 
most promising tool for assisting tree breeders to analyze the options for change and its possible 
consequences.  Progress is likely to be most rapid if physiologists and process modelers work with tree 
breeders and statisticians. 
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Merging genetics and forest growth modeling 

 

Robert A. Monserud 

USFS Pacific Northwest Research Station 

Portland, Oregon 
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Sue Carson: NZ Results

• Growth rate multipliers capture genetic 
differences
– Genetic quality differences are proportional
– Effect is to speed up (or slow down) time
– Treat D & H as independent
– Silviculture & Site effects are much 

stronger, and are independent
– Considerable variation remains

General Results
• Genetics studies generally designed to 

maximize the chance of finding specific 
trait differences

• Not generally optimized to deliver both trait 
analysis and stand dynamics information

• Proportional growth rate multipliers can 
capture some genetic differences
– But different traits (H, D) might be independent

• Gain measurement and implementation 
depends on the model architecture
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