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ABSTRACT 
 
A major constraint of tree breeding to increase the growth and yield of conifers in Alberta is a long 
rotation age, which requires a long period of field progeny testing before selection and prediction of 
genetic gain can be made. For growth and yield, genetic gain can accrue through either an increase in 
volume per hectare relative to production of an unimproved stand or early realization of the same 
volume as an unimproved stand. The latter genetic gain option derives its value from the shortening of a 
commercial stand turnover (commercial rotation age) allowing more frequent harvests than the case 
with unimproved stands, and also considering the time value of money in part of the investor. The type 
of genetic gain currently being pursued in Alberta is that of an increase in volume per hectare at a 
regular rotation age. 
 
In tree breeding, selection of parent trees for production of genetically improved seed (usually produced 
in the seed orchard) is normally done at a much younger age compared to a commercial rotation age in 
a target planting area. Therefore, it can hardly be guaranteed that parent trees selected based on the 
growth of the progenies at a young age will be the same as those that would have been selected if 
selection was done at a rotation age or a much more advanced age in between. However, by treating 
height of the same tree (or family and clone) at a young and rotation age as different traits, we can use 
the correlation between the two measurements to obtain genetic gain at a rotation age as a correlated 
genetic gain at a rotation age. Because this correlation would be less than perfect, this approach is 
equivalent to discounting the expected genetic gain estimated for height at the current age by the 
strength of its expected correlation with height at a rotation age. Unfortunately, height at the rotation 
age is not known such that no one knows what this correlation would be. 
 
Under the Alberta Forest Genetic Resource Management and Conservation Standards (FGRMS), tree 
breeding programs in Alberta are required to adjust the expected height genetic gain at a measurement 
age to obtain expected genetic gain at a rotation age using an age-age correlation. This correlation is 
obtained from an equation developed by Lambeth (1980) using Douglas-fir, loblolly pine, ponderosa 
pine and red pine data. It should be noted that none of these species are commercially grown in Alberta 
and as it will be shown later, the validity of the equation itself for practical application is highly 
questionable. 
 
This paper, describes an attempt to develop correlation prediction equations using data from Alberta 
species grown in the Alberta environment. It changes the form of the equation used by Lambeth (1980) 
by inputting the age difference between measurement and rotation ages as a predictor variable as 
opposed to an age ratio that the Lambeth (1980) uses, which inadvertently equates the latest field 
measurement to a rotation age measurement. It should be noted that this paper is not intended to 
increase the size of the age-age correlation compared to what could be obtained by Lambeth (1980). It 
is only intended to provide an empirical procedure of obtaining a correlation that is biologically 
meaningful and partly related to the species and trials for which the genetic gain is being sought. 
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1.0 BACKGROUND 
 

Genetic tree improvement is an essential component of forest management both in coniferous and 

deciduous species. Although the objectives of tree improvement vary by programs and jurisdictions, it is 

generally accepted that genetic improvement is a useful tool for addressing many problems and 

opportunities in forestry including increasing wood production, reducing susceptibility of forests to 

insects and diseases, increasing survival and growth in environments where unfavourable climate and 

soils limit stand establishment and growth, and improving wood properties. Globally, wood production 

appears to be the primary objective for most tree improvement programs. For example, almost all 

lodgepole pine (Pinus contorta) and white spruce (Picea glauca) tree improvement programs in Alberta 

have growth and yield as their main objective. 

 

Having wood production as the main objective of a tree improvement program poses an inevitable 

difficulty. Because of the cold climate, annual growth for conifers in Alberta is so low that the timber 

rotation age ranges from 80 to over 100 years. For practical purposes, selecting trees for genetic growth 

potential is done with certainty only when experimental trees have attained a “significant size or age”. 

Zobel and Talbert (1984) suggested making selection when trees have reached at least 50% of their 

rotation age. Others have suggested selecting trees at 25% to 50% of their rotation age with long 

rotation species being selected earlier (e.g., 25%) and shorter rotation species being selected later (e.g., 

50%) (see White et al. 2007). However, what these publications call long rotation is less than 50 years, 

which is just half of the spruce rotation age in Alberta’s boreal forest. Therefore, selecting trees and 

predicting of genetic gain in places such as Alberta has to be done much earlier than half the rotation 

age carrying a risk of retaining inferior genotypes and overestimating genetic gain at the rotation age. 

 

Attempts have been made to use the principles of indirect genetic selection and correlated response to 

selection (Falconer and Mackay 1996) to predict genetic gain at the rotation age. These approaches have 

been of two types: 

 

1. Traits correlated with growth –this approach seeks to identify traits that can be easily measured 

at an early age and are correlated with advanced age growth in the field. It has generally 

involved measuring seedling characteristics in controlled environments such as greenhouses, 

growth chambers and outdoor nurseries (e.g., Jansson et al. 1998; Jonsson et al. 2000; Wu et al. 

2000; Rweyongeza et al. 2003, 2004). This approach has generally remained experimental with 

little chance of being applied to a practical selection program, especially in long rotation species 

where seedling traits and growth in the field represent very different developmental systems. 

 

2. Age-age correlation –this approach involves identifying an age at which the correlation between 

growths measured at an early stage is optimally correlated with measurement of the same trait 

at a rotation age (e.g., Lambeth 1980; Foster 1986; Gwaze et al. 2000; Xie and Yanchuk 2002). 
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Although growth measurements at the rotation age is not known until the rotation age has been 

reached, correlations among intermediate measurements provide the direction and depicts the 

strength the correlation is likely to be in the future. Therefore, the age-age correlation is a 

favourable approach in pursuit of early selection. The optimum selection age is reached when 

the increase in age-age correlation with an increase in age or size of the trees levels (changes 

only a little). This is equivalent to little decline in age-age correlation for the current 

measurement with subsequent measurements. Either way, the stability of the age-age 

correlation implies that no meaningful change in genotypic ranking is expected to occur after 

trees have reached a certain age (size). 

2.0 EARLY SELECTION 
 

Selecting trees at an early age to predict genetic gain at a rotation age follows the principles of indirect 

selection and correlated response to selection as described by Falconer and MacKay (1996) and is briefly 

described below. If we know the narrow sense heritability of the trait at a selection (juvenile) age ( 2

jh ) 

and rotation (mature) age ( 2

mh ), the selection intensity ( i ) based on the proportion of the population we 

choose to retain and the phenotypic variance of the trait at the rotation age ( 2

m ), the genetic gain at 

rotation age is calculated as: 

 

mjmmjm rhihG                    [1] 

 

where jmr  is the genetic correlation between the measurement of the same trait at a young and 

rotation age. However, 2

mh , m  and jmr  cannot be known until trees have reached and been measured 

at a rotation age. If this were to happen, indirect selection would not be needed. Therefore, to predict 

genetic gain at the rotation age from measurements at a young age, it is assumed that the heritability 

and phenotypic variance observed at the young age will be the same at a rotation age ( 2

jh    2

mh  and 

2

m    2

m ) but the ranking of genotypes at a young age may differ from their ranking at a rotation age  

( jmr  < 1.0). With this assumption, the issue of predicting genetic gain at a rotation age becomes that of 

adjusting the genetic gain predicted at a young age by a factor that shows the degree of similarity in 

genotypic ranking between young age and rotation age measurements. This factor is an age-age 

correlation ( jmr ). Therefore, when the genetic worth ( jGW ) of a seedlot from the seed orchard is 

estimated at an early measurement age, it can be projected to rotation age ( mGW ) by a simple 

multiplication by jmr . 

 

jmjm rGWGW                   [2] 



4 

 

It should be noted that the operation in eq. 2 is not a modeling of growth and yield as frequently 

thought by forest biometricians. It is simply an adjustment of breeding values considering that not all 

superior families identified and retained at a young selection age would be superior and retained at a 

rotation age (imperfect age-age correlation). It mitigates the risk of having selected some of the parent 

trees at an early age that may not have been selected if selection was delayed to a rotation age or some 

other advanced ages. 

3.0 FINDING AN AGE-AGE CORRELATION 

3.1 Current Practice in Alberta 
 

The correlation between height measured at an early age (e.g., 20 years) and height that would be 

measured on the same trees at a rotation age (e.g., 100 years) is not known and has to be predicted 

from the same trials or other sources of data. For example, Lambeth (1980) developed a correlation 

prediction equation using the age-age phenotypic correlation coefficients from Douglas-fir (Pseudotsuga 

menziesii), ponderosa pine (Pinus ponderosa), loblolly pine (Pinus taeda) and red pine (Pinus resinosa) 

provenance and progeny trials. These correlations were earlier published in journal articles and program 

reports. The equation predicts the correlation using the ratio of measurement age ( j ) and the expected 

rotation age ( m ) as follows: 

 

)ln(308.002.1 Ar jm                  [3] 

 

where mjA  . Because )ln(A  is negative and its absolute value becomes increasingly large as A 

becomes increasingly small meaning that jmr  is very low when trees are measured at an age much 

younger than the expected rotation age. In principle, a similar equation could be developed for specific 

species and breeding programs if age-age height measurements were available (e.g., Lambeth and Dill 

2001). 

 

To mitigate the risk of overestimating genetic gain at the rotation age due to selecting and predicting 

genetic gain from young progeny trials, Alberta requires that a correlation derived from eq. 3 be applied 

to adjust genetic gain at a measurement age to genetic gain at a rotation age as shown in eq.2 (Alberta 

Government 2009). Concerns have been raised about the practical application of eq. 3 in a real tree 

breeding program. It has been argued that, because eq. 3 was developed with data from species that 

differ from Alberta species and growing in climates that are different from Alberta climate, the equation 

may not be directly applied to breeding programs in Alberta. Thus, an equation for Alberta species 

growing in the Alberta climate would be appropriate. Although as discussed earlier the use of 

correlation as in eq. 2 is consistent with the genetic theory and plant and animal breeding techniques, 

the use of jmr  to estimate genetic gain at rotation age is frequently challenged by forest biometricians 

who favour the use of stand growth and yield models. The rationale here is that genetic gain estimated 
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from growth of trees in a free growing environment of a young progeny trial may not appropriately 

predict genetic gain at rotation age when competition among superior genotypes is intense. Because it 

is not known if the best genotypes for height growth in a free growing progeny trial will be the best 

competitors when superior genotypes are growing together in a mature stand at rotation age, some of 

the forest biometricians consider using a correlation (eq. 2) as a simplistic way of looking at growth and 

yield in a real forest where competition is a norm (see Flewelling 20081). 

 

The other challenge to practical use of eq. 3 is that the correlation derived from this equation is not 

related in any way with the trees from which genetic gain is being predicted. Therefore, this correlation 

is more hypothetical than a reality. 

 

This report attempts to address some of the weaknesses of the Lambeth (1980) equation as discussed 

above and a more pertinent problem that has not been a subject of intense discussion in Alberta. The 

major weakness seen in the Lambeth (1980) equation and other equations that may be developed from 

other data in a similar way is the use of the ratio ( mjA  ) between the measurement age and 

rotation age or any other ages in between as a predictor variable. This weakness is discussed below. 

 

(1). Irrespective of the length of the rotation; the duration of periodic measurements; and the age of the 

trees, mjA   is the same. Thus, all ages yielding the same ratio have the same predicted correlation 

regardless of how far apart these ages are. For example, all age pairs corresponding to selection at half-

rotation age such as 2 & 4, 25 & 50 and 50 & 100 years that yield mjA   of 0.5 have a predicted jmr  

of 0.81. Likewise; all age pairs corresponding to 25% of the rotation age have a jmr  of 0.59; all age pairs 

corresponding to one-third (33.3%) of the rotation have jmr  of 0.68. The same applies to all other age 

pairs. Viewed this way, jmr  from eq. 3 is a hypothetical value made possible only by the use of

mjA  . 

 

(2). The other consequence of using an age ratio is that regardless of the age of the trees, the range of 

the predictor variable ( mjA  ) is 0.0 − 1.0. For example, if trees were measured annually for the 

first 10 years of field establishment or measured at any intervals throughout the 100-year rotation, the 

range of the predictor variable would still be 0.0 − 1.0 in both cases. Therefore, using the age ratio is 

equivalent to assuming that the correlations of measurements at earlier ages with measurement at the 

rotation age are already known. They are represented by the correlations of the latest measurement 

with measurements at earlier ages (e.g., 1 & 10, 2 & 10, 3 & 10, …, 9 & 10 years). In this case, the latest 

measurement age (e.g., 10 years) is used as a substitute for a rotation age (e.g., 100 years). 

 

                                                           
1
 James W. Flewelling (2008). Report prepared for Alberta Sustainable Resource Development, Forest Management 

Branch under Agreement #08FMB010. 
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Figure 1 illustrates the effect of using the age ratio as a predictor variable using age-age Pearson’s 

correlation coefficients from observed height measurements from all conifer provenance and progeny 

trials in Alberta. In Figure 1a, the correlations were regressed on the natural logarithm of the age 

difference between the measurements (solid line). In these trials, the longest age difference between 

any two measurements is 20. This is the age difference between measurements made on the same trees 

at for example ages 5 and 25 years, 10 and 30 years, 15 and 35 years, or 12 and 32 years. It can be seen 

that any attempt to predict age-age correlations for longer age differences beyond those covered by the 

observed data will fail unless we fit a simple linear regression using actual age values (dashed line). 

 

   Fig. (1a) 

   Fig. (1b) 

Figure 1:  Age-age Pearson’s correlation coefficients as related to age difference (1a) and age ratio (1b) 
between serial measurements of conifer provenance and progeny trials in Alberta. 
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Using Figure 1a, a correlation between measurements at age 10 and 100 years (90 years apart) would be 

0.57 for a logarithmic equation (solid line) and -0.68 for a simple linear regression using actual age 

values (dashed line). These correlations would certainly be wrong in that the equation of dashed line 

assumes that trees will continue to grow at the same rate and, therefore, the age-age correlation will 

continue to decline at the same rate forever. If we extend the rotation by a few decades, the correlation 

between age 10 years and rotation age would eventually be less than -1.0. On the other hand, the 

correlation of 0.57 is close to the lowest observed age-age correlation values that were used to fit the 

equation. This shows that we cannot predict age-age correlation beyond the range of observed values 

using a mere age interval between measurements. 

 

Figure 1b is an equivalent of Lambeth (1980) where age-age correlations in Alberta programs were fitted 

on age ratios in absolute units and logarithmic units. It can be seen that, although the data used in 

Figures 1a and 1b are the same, the use of the age ratio allows Figure 1b to cover the entire range of the 

predictor variable 0.0 – 1.0, which indirectly implies that the correlations used to fit the equations were 

observed over an entire rotation age for all possible rotation ages. Using Figure 1b a correlation 

between measurements at age 10 and 100 years (90 years apart) would be 0.55 on the simple linear 

regression using actual age values (dashed line) and 0.22 on a logarithmic equation (solid line). The 

corresponding correlation from the Lambeth (1980) expression (eq. 3) is 0.31. Although the correlations 

of 0.22 and 0.31 are likely to be observed between measurements that are 90 years apart, the manner 

in which measurements in the early part of the rotation are made to represent the entire rotation due 

to the use of the age ratio is incorrect. For example, we can measure a progeny trial annually for 10 

years for the species that is managed on a 100-year rotation and fit a regression equation on age-age 

correlations using age ratios of these 10 serial measurements. We can then predict a correlation 

between ages 24 and 100 years simply by finding a correlation between ages 2.4 and 10 years. This is a 

correlation between two points within the range of early observed measurements that is disguised as a 

correlation between ages 24 and 100 years, which is far outside the range of observed measurement. 

 

When viewed this way, eq. 3 is misleading because, (a) the correlations calculated from it have nothing 

to do with the correlations between the ages the tree breeder may be interested in; and (b) the 

equation can really be fitted using measurements from any type of material including seedlings and 

saplings and applied to predicting age-age correlations for mature trees hundreds of years old. 

 

3.2 Proposed Approach 
 

Up to this point, it is clear that the use of the Lambeth (1980) equation to obtain the age-age correlation 

and use it in a practical tree breeding program is not correct. Therefore, it is prudent to find an 

alternative source of jmr  that is, 

i. Based on Alberta tree species growing in the Alberta climate. 

ii. Derived from data from field trials of Alberta breeding and tree improvement programs. 



8 

iii. Predicted using a predictor variable other than the age ratio to represent age differences 

between measurement age and rotation age. 

iv. Take into consideration that the rate at which the age-age correlation decline with tree age 

depends on the phase of height growth (tree size) the trees are in at the time of measurement. 

In reality, jmr  will decline faster if selection age ( j ) is in the phase when trees are growing 

faster (high annual increment) than in the mature phase when trees are growing slowly (low 

annual increment). Considering that height at rotation age ( mH ) is a sum of height at a 

selection age ( jH ) and the increment added thereafter ( IH ), the correlation between jH  and 

mH  is partly due to autocorrelation, that is, the correlation between jH and jH  so that, 

 

)var()var(

),cov()var(

mj

Ijj

jm
HH

HHH
r




              [4] 

 

where Ijm HHH   and ),cov()var( jjj HHH  . 

 

Therefore, even if height at selection age ( jH ) and the subsequent height increment ( IH ) 

added after the selection age were not correlated, that is, 0.0),cov( Ij HH , jH  would still 

be correlated with mH  to the extent that jH  is a component of mH . If jH  was measured in a 

juvenile phase when annual growth is high, IH  would be a greater component of mH  making 

autocorrelation a lesser determinant of jmr . Consequently, jmr  would decline faster with an 

increase in tree age (size). In contrast, if selection was made in a mature phase when annual 

growth increment is low, jH  would be a greater part of mH  making autocorrelation a greater 

determinant of jmr . Because only a small amount of IH  would be added every year, the rate of 

decline in age-age correlation with an increase in tree age would be low. 

 

To achieve these objectives, data from all provenance and progeny trials of white spruce (Picea glauca) 

and lodgepole pine (Pinus contorta) in Alberta were reviewed. Twenty four (24) sites with serial height 

measurements were selected for analysis. These included 12 sites of white spruce belonging to the 

G103, G103RW, G132 and G133 series, and 12 sites of lodgepole pine belonging to the G127 and G134 

series. The number of serial measurements per site was between 5 and 10; the age for the latest 

measurement was between 20 and 35 years; the average height of the latest measurement was 

between 4.5 and 11.2 meters; and height of individual trees for the latest measurement was between 

3.8 to 13.0 metres. Trees with physical and biological damages such as breaks and white pine and 

terminal weevil damages preventing them from attaining continuous terminal height growth were 

excluded from the analysis. 
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3.2.1 Height Growth Modeling 

 
To use data from both the provenance and progeny trials in the same analysis, all the regressions of 
height on age were performed on an individual-tree basis instead of provenance and family means. The 
power function was first fitted to the individual trees as, 
 

kjin

b

kjin aXY                            [5] 

 

where, kjinY  is total height at age X  (years) of nth  tree in ith  family or provenance in jth  replication 

(block) at kth  test site; kjin  is the residual; a  and b  are regression coefficients. An example of these 

regressions is illustrated in Figure 2. For illustration purposes, Figure 2 is plotted using provenance mean 
observed (2a) and predicted heights (2b). 
 

 
Fig. (2a)           Fig. (2b) 

Figure 2:  Height-age relationship for lodgepole pine provenances at Hangingstone near Fort McMurray, 

Alberta.  The plot on the left (2a) is observed height growth and plot on the right (2b) is predicted 

height trajectory after fitting the power function. 

 

In principle, height at specified age intervals throughout the expected rotation could be predicted using 

individual-tree regressions ( baXy ˆ ) and age-age correlations calculated from these heights. However, 

because this equation predicts that height growth will continue at about the same rate, age-age 

correlation would continue to decline at about the same rate without ever reaching what would be 

considered an optimum selection age. Figure 2b shows that at about the rotation age (e.g., 80 years for 

lodgepole pine on some sites); the predicted tree height would be much greater than could practically 

be achieved by the species in Alberta. Therefore, a different equation that predicts more realistic height 

values at advanced ages is needed. 

 

Forest trees exhibit growth phases with different rates of height growth. Growth rate is high and 
exponential during the juvenile phase. When trees attain vegetative and morphological complexity, and 
reproduction begins, the growth rate declines (Kramer and Kozlowski 1979). Genetic variation in height 
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growth appears to follow these height growth phases (e.g., Namkoong et al. 1972; Namkoong and 
Conkle 1976). Thus, a realistic tree height growth model must permit for a declining growth rate in the 
mature phase. Only with such a model will age-age correlation attains an optimum value. 
 
Tree height growth is described by a sigmoid growth function. The growth rate is lower in the early 
(first) phase, higher in the middle (second) phase and lower in the mature (third) phase. Conifers spend 
hundreds of years in the mature phase (Kramer and Kozlowski 1979) with few centimetres of annual 
height growth while expanding in diameter. The culmination of mean annual increment for height lies in 
the lower portion of the mature phase. The sigmoid function chosen for this type of growth is, 
 

rtt
be

k
h




1
                  [6] 

 

where, th  is total height at age t  (years); k  is upper asymptotic height; b  is a constant with no 

biological interpretation (Richards 1959); e  is the base of the natural logarithm; and r  is the growth 
rate. This logistic equation is further described by Nair (1954). 
 

Preliminary fitting of the model showed that height growth would begin to decline early such that the 

total predicted height at the rotation age would be lower than the actual height observed for these 

species in natural forests in Alberta. This is because the latest height measurement greatly influenced 

the point of inflection (Figure 3). 

 

 
Figure 3:  Height-age relationship for lodgepole pine provenances at Hangingstone near Fort McMurray, 

Alberta, fitted on observed data using a sigmoid function and extrapolated to rotation age. 
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Alberta Vegetation Inventory (AVI) data show that at the age of 120 years, the average height of white 

spruce and lodgepole pine is 20m and 23m, respectively. The data in Meng and Huang (2010) and the 

review by Lotan and Critchfield (1990) support these generalizations. For the field trials used in the 

present analysis, the average tree height for the oldest white spruce trials is about half the expected 

height at the rotation age in natural stands. As the growth trend in the field trials shows, in between 25 

and 30 years, average height of lodgepole pine trials will be half the expected height at rotation age. 

Therefore, eq. 4 ( baXy ˆ ) was used to predict heights at 3 – 5-year intervals beyond the latest actual 

height measurement until predicted heights were in the range of 20 – 25 metres similar to heights 

observed at the rotation age in natural stands. The predicted rotation age heights occurred at about age 

40 years. These predicted heights were added to the observed heights to create a “hybrid dataset” used 

to refit eq. 5 as previously described. The resulting curves are illustrated in Figure 4. 

 

 
Figure 4:  Height-age relationship for lodgepole pine provenances at Hangingstone near Fort McMurray, 

Alberta, fitted on a “hybrid dataset” using a sigmoid function, and extrapolated to rotation age. 

 

Growth functions of all 24 trials fitted on individual tree basis were used to generate predicted height at 

5-year intervals from age 5 to 100 years. Age-age correlations between these predicted heights were 

then calculated to obtain correlation matrices used to develop age-age correlation prediction equations.  

 

3.2.2 Fitting Age-age Correlation Equation 

 

For the purpose of developing an age-age correlation prediction equation, we can assume that all 

lodgepole (also jack pine) and white spruce throughout Alberta will be managed on a 100-year rotation. 

This assumption is intended to allow us to develop a single equation even though we know that rotation 

ages may differ depending on site quality and climate of the region. If we calculate predicted height at 5-
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year intervals from age 5 to 100 years and generate a correlation matrix from these heights, we have  

n(n-1)/2 = 20(20 – 1)/2 = 190 correlations for each test site. Developing a single age-age prediction 

equation from such data produces a plot similar to Figure 5a, where x  is the age difference between 

early measurement (e.g., year 5) and later ages (e.g., 10, 15, 20, …, 95, 100 years). 

 

 
Figure 5a:  Regressing an entire age-age correlation matrix on age difference between early and later 

measurements. 

 

Figure 5a has two obvious drawbacks: 

i. It can be seen that the scatter plot represented by Figure 5a is a collection of age-age 

correlation lines each corresponding to a specific early age height with heights at subsequent 

ages. For example, the points at the bottom of the scatter plot correspond to a correlation 

between height at age 5 years with height at subsequent ages, that is, 5 & 10, 5 & 15, …, 5 & 95. 

The points on second line from the bottom correspond to the correlations between height at 

age 10 years with height at subsequent ages, that is, 10 & 15, 10 & 20, …, 10 & 90. Points on all 

other lines follow the same order. Thus, plotting a single regression (similar to how Lambeth 

(1980) was developed) in dataset that is displaying clear age-related differences is unrealistic. 

ii. Unless the scale of the predictor variable is transformed to mask the age-related differences 

explained in (i), the regression will have low coefficient of determination (R2) similar to what we 

have in Figure 5a. 

 

To understand the effect of using an age ratio as a predictor variable, compare Figure 5a and 5b that fit 

the same data. When an age ratio is used to predict age-age correlations (Figure 5b), the age-related 

differences that are clear in Figure 5a disappear because age intervals yielding the same ratio (e.g., 5 & 

10, 10 & 20, 15 & 30, 20 & 40, …, 50 & 100) predict the same correlation even though trees have 
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different ages (size) and are at different stages of development and stand structure. Thus, the mere use 

of an age ratio hides the different trends existing in the data and nearly triples the R2. 

 

 
Figure 5b:  Regressing an entire age-age correlation matrix on an age ratio between early and later 

measurements. 

 

The alternative approach is to fit a separate regression for each early measurement age as illustrated in 

Figures 6a and 6b. This allows measurements separated by the same age interval to have different 

correlations provided they are at different stages of development and probably stand structure. For 

example, the correlation between measurements separated by 40 years would be different for trees 

measured at age 10 years (that is, a correlation between height at age 10 and 50 years) and trees 

measured at age 25 years (that is, a correlation between height at age 25 and 65 years). This is an 

approach adopted in this report. 
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  Fig. (6a) 

 

  Fig. (6b) 

Figure 6:  Age-specific regressions of age-age correlations on the difference between early age and all 

subsequent ages. 

Colours (black –age 5, red –age 10, green –age 15 and blue –age 20 years). 

 

It should also be noted that the regressions similar to those in Figure 6 differs among test trial series 

(e.g., 103 vs. 133 for white spruce and G127 vs. G134 in lodgepole pine) and among sites with a series 

(e.g., G103B vs. G103D). However, because trials in a series such as G127A through G127D provide data 

for estimation of genetic parameters and genetic gain based on combined-site information not as 

individual sites, site-specific age-age correlation prediction equations would have no practical 

application. In contrast, series-specific (e.g., G127) age-age correlation prediction equations would have 

meaningful application for the Controlled Parentage Program (CPP) plan involved. However, progeny 
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trials for many CPP programs are either young without data to model height growth or are old but 

measured only occasionally, thus lacking data for modeling height growth. These CPP plans would have 

to rely on age-age correlations predicted with data from other CPP plans for similar species. In addition, 

because age-age correlations appear to vary with test sites even within the same test series, proponents 

of CPP plans could rightly argue that their correlation predictions would have been different if their 

progeny trials were located on a different site or environment. Thus, for practical purposes during 

implementation, correlations were averaged across sites and trial series. In this way, there will be one 

correlation prediction equation for a species (pines or spruce) and measurement age (e.g., age 5, 10, 

etc.). A plot of the age-age correlations generated from predicted heights after being averaged across 

sites and trial series is in Figure 7a for white spruce and 7b for lodgepole pine. 

 

 
Figure 7a:  Expected trend of age-age correlations generated from predicted height for white spruce 

after being averaged across sites and test series. 
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Figure 7b:  Expected trend of age-age correlations generated from predicted height for lodgepole pine 

after being averaged across sites and test series. 

 

Two types of age-age correlation prediction equations were fitted as follows: 

 

)'ln(ˆ
10 xbbrxy   which when fitted to the correlations yielded )'ln(ˆ

10 xbbrxy      [7] 

 
'

0
1ˆ xb

xy ebr   which when fitted to the correlations yielded 
'

0
1ˆ xb

xy ebr


        [8] 

 

Where xyr̂  is correlation between heights at a measurement age ( x ) and subsequent ages ( y ); 0b

and 1b  are regression coefficients; e  is the base of the natural logarithm; and xyx ' , which is the 

age (years) difference between measurement age and subsequent ages. 

4.0 RESULTS AND DISCUSSIONS 

4.1 Age-age Correlations 
 

Tables 1 and 2 show the regression coefficients from the fitting for eq. 7 and 8 for white spruce and 

lodgepole pine that would be used to predict the age-age correlations for trees measured between age 

5 and 40 years. 
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Table 1:  Age-age correlation prediction equations for white and lodgepole pine for trial assessment 

made during the first 40 years of trial establishment. 

Age  Model   White spruce        Lodgepole pine 

(yrs)    

         b0       b1       R2        b0       b1    R2 

05   7  1.52677  -0.27396  0.913  1.70269  -0.36177  0.904 

05   8  0.89371  -0.01248  0.798  0.90543  -0.02337  0.818 

10   7  1.40092  -0.22464  0.919  1.52915  -0.30016  0.908 

10   8  0.87544  -0.00936  0.769  0.82453  -0.01589  0.770 

15   7  1.28320  -0.17341  0.921  1.35719  -0.23091  0.907 

15   8  0.87772  -0.00699  0.740  0.80530  -0.01939  0.719 

20   7  1.18202  -0.12368  0.921  1.20527  -0.15902  0.900 

20   8  0.89560  -0.00449  0.714  0.82674  -0.00625  0.669 

25   7  1.10507  -0.07995  0.919  1.09471  -0.09366  0.887 

25   8  0.92302  -0.00279  0.693  0.87550  -0.00333  0.626 

30   7  1.05528  -0.04650  0.918  1.03514  -0.04572  0.873 

30   8  0.95175  -0.00161  0.682  0.93056  -0.00153  0.594 

35   7  1.02640  -0.02427  0.920  1.01019  -0.00183  0.856 

35   8  0.97380  -0.00086  0.680  0.96931  -0.00061  0.567 

40   7  1.01178  -0.01147  0.928  1.00210  -0.00604  0.828 

40   8  0.98771  -0.00042  0.695  0.98891  -0.00021  0.533 

Model 7: )'ln(ˆ
10 xbbrxy  ; Model 8: 

'

0
1ˆ xb

xy ebr   

 

These equations were used to generate Tables 2 and 3 for white spruce and lodgepole pine, 

respectively. The equations were fitted for the intervals of five years on the assumption that, except for 

some minor variations individual CPP plans might have, trials would logically be measured on a regular 

interval with five years being a more likely schedule. If trials were measured at an age that is not a 

multiple of five, it is prudent to obtain a correlation using the equation that is closest to the 

measurement age. For example, if trees were measured at age 26 or 27 years, obtain a correlation using 

the 25-year equation. For age 28 and 29 years, obtain a correlation using the 30-year equation. 
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Table 2:  Age-age correlations for white spruce. 
 

 
  

I II I II I II I II I II I II I II I II

1 1.527 0.883 1.401 0.867 1.283 0.872 1.182 0.892 1.105 0.920 1.055 0.950 1.0264 0.9730 1.0118 0.9873

2 1.337 0.872 1.245 0.859 1.163 0.866 1.096 0.888 1.050 0.918 1.023 0.949 1.0096 0.9721 1.0041 0.9869

3 1.226 0.861 1.154 0.851 1.093 0.860 1.046 0.884 1.017 0.915 1.004 0.947 0.9997 0.9713 0.9995 0.9865

4 1.147 0.850 1.090 0.843 1.043 0.855 1.011 0.880 0.994 0.913 0.991 0.946 0.9928 0.9705 0.9963 0.9861

5 1.086 0.840 1.039 0.835 1.004 0.849 0.983 0.876 0.976 0.910 0.980 0.944 0.9873 0.9696 0.9938 0.9856

6 1.036 0.829 0.998 0.828 0.972 0.843 0.960 0.872 0.962 0.908 0.972 0.943 0.9829 0.9688 0.9918 0.9852

7 0.994 0.819 0.964 0.820 0.946 0.838 0.941 0.868 0.949 0.905 0.965 0.941 0.9792 0.9680 0.9901 0.9848

8 0.957 0.809 0.934 0.812 0.923 0.832 0.925 0.864 0.939 0.903 0.959 0.940 0.9759 0.9671 0.9886 0.9844

9 0.925 0.799 0.907 0.805 0.902 0.826 0.910 0.860 0.929 0.900 0.953 0.938 0.9731 0.9663 0.9873 0.9840

10 0.896 0.789 0.884 0.797 0.884 0.821 0.897 0.856 0.921 0.898 0.948 0.937 0.9705 0.9655 0.9861 0.9836

11 0.870 0.779 0.862 0.790 0.867 0.815 0.885 0.852 0.913 0.895 0.944 0.935 0.9682 0.9646 0.9851 0.9832

12 0.846 0.769 0.843 0.782 0.852 0.810 0.875 0.849 0.906 0.893 0.940 0.934 0.9661 0.9638 0.9841 0.9827

13 0.824 0.760 0.825 0.775 0.838 0.805 0.865 0.845 0.900 0.890 0.936 0.932 0.9641 0.9630 0.9832 0.9823

14 0.804 0.750 0.808 0.768 0.826 0.799 0.856 0.841 0.894 0.888 0.933 0.931 0.9624 0.9621 0.9824 0.9819

15 0.785 0.741 0.793 0.761 0.814 0.794 0.847 0.837 0.889 0.885 0.929 0.929 0.9607 0.9613 0.9816 0.9815

16 0.767 0.732 0.778 0.754 0.802 0.789 0.839 0.834 0.883 0.883 0.926 0.928 0.9591 0.9605 0.9809 0.9811

17 0.751 0.723 0.764 0.747 0.792 0.783 0.832 0.830 0.879 0.880 0.924 0.926 0.9576 0.9597 0.9802 0.9807

18 0.735 0.714 0.752 0.740 0.782 0.778 0.825 0.826 0.874 0.878 0.921 0.925 0.9563 0.9588 0.9796 0.9803

19 0.720 0.705 0.739 0.733 0.773 0.773 0.818 0.822 0.870 0.875 0.918 0.923 0.9549 0.9580 0.9790 0.9799

20 0.706 0.696 0.728 0.726 0.764 0.768 0.812 0.819 0.866 0.873 0.916 0.922 0.9537 0.9572 0.9784 0.9794

21 0.693 0.688 0.717 0.719 0.755 0.763 0.805 0.815 0.862 0.870 0.914 0.920 0.9525 0.9564 0.9778 0.9790

22 0.680 0.679 0.707 0.713 0.747 0.758 0.800 0.811 0.858 0.868 0.912 0.919 0.9514 0.9555 0.9773 0.9786

23 0.668 0.671 0.697 0.706 0.739 0.753 0.794 0.808 0.854 0.866 0.909 0.917 0.9503 0.9547 0.9768 0.9782

24 0.656 0.662 0.687 0.699 0.732 0.748 0.789 0.804 0.851 0.863 0.908 0.916 0.9493 0.9539 0.9764 0.9778

25 0.645 0.654 0.678 0.693 0.725 0.743 0.784 0.801 0.848 0.861 0.906 0.914 0.9483 0.9531 0.9759 0.9774

26 0.634 0.646 0.669 0.686 0.718 0.738 0.779 0.797 0.845 0.858 0.904 0.913 0.9473 0.9523 0.9755 0.9770

27 0.624 0.638 0.661 0.680 0.712 0.733 0.774 0.793 0.842 0.856 0.902 0.911 0.9464 0.9514 0.9750 0.9766

28 0.614 0.630 0.652 0.674 0.705 0.728 0.770 0.790 0.839 0.854 0.900 0.910 0.9455 0.9506 0.9746 0.9762

29 0.604 0.622 0.644 0.667 0.699 0.723 0.766 0.786 0.836 0.851 0.899 0.908 0.9447 0.9498 0.9742 0.9758

30 0.595 0.615 0.637 0.661 0.693 0.718 0.761 0.783 0.833 0.849 0.897 0.907 0.9439 0.9490 0.9739 0.9753

31 0.586 0.607 0.630 0.655 0.688 0.713 0.757 0.779 0.831 0.847 0.896 0.905 0.9431 0.9482 0.9735 0.9749

32 0.577 0.599 0.622 0.649 0.682 0.709 0.753 0.776 0.828 0.844 0.894 0.904 0.9423 0.9474 0.9731 0.9745

33 0.569 0.592 0.615 0.643 0.677 0.704 0.750 0.772 0.826 0.842 0.893 0.903 0.9415 0.9466 0.9728 0.9741

34 0.561 0.585 0.609 0.637 0.672 0.699 0.746 0.769 0.823 0.839 0.891 0.901 0.9408 0.9457 0.9725 0.9737

35 0.553 0.577 0.602 0.631 0.667 0.694 0.742 0.765 0.821 0.837 0.890 0.900 0.9401 0.9449 0.9721 0.9733

36 0.545 0.570 0.596 0.625 0.662 0.690 0.739 0.762 0.819 0.835 0.889 0.898 0.9394 0.9441 0.9718 0.9729

37 0.538 0.563 0.590 0.619 0.657 0.685 0.735 0.759 0.816 0.832 0.887 0.897 0.9388 0.9433 0.9715 0.9725

38 0.530 0.556 0.584 0.613 0.652 0.681 0.732 0.755 0.814 0.830 0.886 0.895 0.9381 0.9425 0.9712 0.9721

39 0.523 0.549 0.578 0.608 0.648 0.676 0.729 0.752 0.812 0.828 0.885 0.894 0.9375 0.9417 0.9709 0.9717

40 0.516 0.542 0.572 0.602 0.644 0.672 0.726 0.748 0.810 0.826 0.884 0.892 0.9369 0.9409 0.9707 0.9713

41 0.509 0.536 0.567 0.596 0.639 0.667 0.723 0.745 0.808 0.823 0.883 0.891 0.9363 0.9401 0.9704 0.9708

42 0.503 0.529 0.561 0.591 0.635 0.663 0.720 0.742 0.806 0.821 0.881 0.890 0.9357 0.9393 0.9701 0.9704

43 0.496 0.523 0.556 0.585 0.631 0.658 0.717 0.738 0.804 0.819 0.880 0.888 0.9351 0.9384 0.9699 0.9700

44 0.490 0.516 0.551 0.580 0.627 0.654 0.714 0.735 0.803 0.816 0.879 0.887 0.9346 0.9376 0.9696 0.9696

45 0.484 0.510 0.546 0.575 0.623 0.650 0.711 0.732 0.801 0.814 0.878 0.885 0.9340 0.9368 0.9693 0.9692

46 0.478 0.503 0.541 0.569 0.619 0.645 0.708 0.728 0.799 0.812 0.877 0.884 0.9335 0.9360 0.9691 0.9688

47 0.472 0.497 0.536 0.564 0.616 0.641 0.706 0.725 0.797 0.810 0.876 0.882 0.9330 0.9352 0.9689 0.9684

48 0.466 0.491 0.531 0.559 0.612 0.637 0.703 0.722 0.796 0.807 0.875 0.881 0.9324 0.9344 0.9686 0.9680

49 0.461 0.485 0.527 0.553 0.608 0.632 0.701 0.719 0.794 0.805 0.874 0.880 0.9319 0.9336 0.9684 0.9676

50 0.455 0.479 0.522 0.548 0.605 0.628 0.698 0.716 0.792 0.803 0.873 0.878 0.9315 0.9328 0.9682 0.9672

51 0.450 0.473 0.518 0.543 0.601 0.624 0.696 0.712 0.791 0.801 0.872 0.877 0.9310 0.9320 0.9680 0.9668

52 0.444 0.467 0.513 0.538 0.598 0.620 0.693 0.709 0.789 0.798 0.872 0.875 0.9305 0.9312 0.9677 0.9664

53 0.439 0.461 0.509 0.533 0.595 0.616 0.691 0.706 0.788 0.796 0.871 0.874 0.9300 0.9304 0.9675 0.9660

54 0.434 0.456 0.505 0.528 0.591 0.612 0.689 0.703 0.786 0.794 0.870 0.872 0.9296 0.9296 0.9673 0.9656

55 0.429 0.450 0.501 0.523 0.588 0.608 0.686 0.700 0.785 0.792 0.869 0.871 0.9291 0.9288 0.9671 0.9652

56 0.424 0.444 0.497 0.518 0.585 0.603 0.684 0.696 0.783 0.790 0.868 0.870 0.9287 0.9280 0.9669 0.9648

57 0.419 0.439 0.493 0.513 0.582 0.599 0.682 0.693 0.782 0.787 0.867 0.868 0.9283 0.9272 0.9667 0.9643

58 0.414 0.433 0.489 0.509 0.579 0.595 0.680 0.690 0.780 0.785 0.866 0.867 0.9279 0.9264 0.9665 0.9639

59 0.410 0.428 0.485 0.504 0.576 0.591 0.678 0.687 0.779 0.783 0.866 0.866 0.9274 0.9256 0.9663 0.9635

60 0.405 0.423 0.481 0.499 0.573 0.588 0.676 0.684 0.778 0.781 0.865 0.864 0.9270 0.9248 0.9661 0.9631

61 0.401 0.417 0.477 0.495 0.570 0.584 0.674 0.681 0.776 0.779 0.864 0.863 0.9266 0.9240

62 0.396 0.412 0.474 0.490 0.568 0.580 0.672 0.678 0.775 0.776 0.863 0.861 0.9262 0.9232

63 0.392 0.407 0.470 0.485 0.565 0.576 0.670 0.675 0.774 0.774 0.863 0.860 0.9258 0.9224

64 0.387 0.402 0.467 0.481 0.562 0.572 0.668 0.672 0.773 0.772 0.862 0.859 0.9255 0.9217

65 0.383 0.397 0.463 0.476 0.559 0.568 0.666 0.669 0.771 0.770 0.861 0.857 0.9251 0.9209

66 0.379 0.392 0.460 0.472 0.557 0.564 0.664 0.666 0.770 0.768 0.860 0.856

67 0.375 0.387 0.456 0.468 0.554 0.561 0.662 0.663 0.769 0.766 0.860 0.854

68 0.371 0.383 0.453 0.463 0.551 0.557 0.660 0.660 0.768 0.764 0.859 0.853

69 0.367 0.378 0.450 0.459 0.549 0.553 0.658 0.657 0.767 0.761 0.858 0.852

70 0.363 0.373 0.447 0.455 0.546 0.550 0.657 0.654 0.765 0.759 0.858 0.850

71 0.359 0.368 0.443 0.450 0.544 0.546 0.655 0.651 0.764 0.757

72 0.355 0.364 0.440 0.446 0.542 0.542 0.653 0.648 0.763 0.755

73 0.351 0.359 0.437 0.442 0.539 0.539 0.651 0.645 0.762 0.753

74 0.348 0.355 0.434 0.438 0.537 0.535 0.650 0.642 0.761 0.751

75 0.344 0.351 0.431 0.434 0.535 0.531 0.648 0.640 0.760 0.749

76 0.340 0.346 0.428 0.430 0.532 0.528 0.646 0.637

77 0.337 0.342 0.425 0.426 0.530 0.524 0.645 0.634

78 0.333 0.338 0.422 0.422 0.528 0.521 0.643 0.631

79 0.330 0.333 0.419 0.418 0.525 0.517 0.642 0.628

80 0.326 0.329 0.417 0.414 0.523 0.514 0.640 0.625

81 0.323 0.325 0.414 0.410 0.521 0.511

82 0.320 0.321 0.411 0.406 0.519 0.507

83 0.316 0.317 0.408 0.403 0.517 0.504

84 0.313 0.313 0.406 0.399 0.515 0.500

85 0.310 0.309 0.403 0.395 0.513 0.497

86 0.306 0.306 0.400 0.391

87 0.303 0.302 0.398 0.388

88 0.300 0.298 0.395 0.384

89 0.297 0.294 0.393 0.381

90 0.294 0.291 0.390 0.377

91 0.291 0.287

92 0.288 0.284

93 0.285 0.280

94 0.282 0.277

95 0.279 0.273

Measurement age in years [A]

Tree age (years) = A + B

INC [B] 

(yrs)

EXPECTED AGE-AGE CORRELATION FOR WHITE SPRUCE

5 (yrs) 10 (yrs) 15 (yrs) 20 (yrs) 25 (yrs) 30 (yrs) 35 (yrs) 40 (yrs)

Managing at 100-year rotation

I & regular Y = b0 - b1 x ln(INC)

II & bold Y = b0e-b1(INC)
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Table 3:  Age-age correlations for lodgepole pine. 
 

 
  

I II I II I II I II I II I II I II I II

1 1.703 0.885 1.529 0.812 1.357 0.797 1.205 0.822 1.095 0.873 1.035 0.929 1.0102 0.9687 1.0021 0.9887

2 1.452 0.864 1.321 0.799 1.197 0.789 1.095 0.816 1.030 0.870 1.003 0.928 0.9975 0.9681 0.9979 0.9885

3 1.305 0.844 1.199 0.786 1.104 0.781 1.031 0.811 0.992 0.867 0.985 0.926 0.9901 0.9675 0.9955 0.9883

4 1.201 0.825 1.113 0.774 1.037 0.773 0.985 0.806 0.965 0.864 0.972 0.925 0.9848 0.9669 0.9937 0.9881

5 1.120 0.806 1.046 0.762 0.986 0.765 0.949 0.801 0.944 0.861 0.962 0.923 0.9807 0.9664 0.9924 0.9879

6 1.054 0.787 0.991 0.750 0.943 0.757 0.920 0.796 0.927 0.858 0.953 0.922 0.9774 0.9658 0.9913 0.9877

7 0.999 0.769 0.945 0.738 0.908 0.749 0.896 0.791 0.912 0.855 0.946 0.921 0.9746 0.9652 0.9903 0.9875

8 0.950 0.751 0.905 0.726 0.877 0.741 0.875 0.786 0.900 0.852 0.940 0.919 0.9721 0.9646 0.9895 0.9873

9 0.908 0.734 0.870 0.715 0.850 0.733 0.856 0.782 0.889 0.850 0.935 0.918 0.9700 0.9640 0.9888 0.9870

10 0.870 0.717 0.838 0.703 0.826 0.726 0.839 0.777 0.879 0.847 0.930 0.916 0.9681 0.9634 0.9882 0.9868

11 0.835 0.700 0.809 0.692 0.803 0.718 0.824 0.772 0.870 0.844 0.926 0.915 0.9663 0.9628 0.9876 0.9866

12 0.804 0.684 0.783 0.681 0.783 0.711 0.810 0.767 0.862 0.841 0.922 0.914 0.9647 0.9622 0.9871 0.9864

13 0.775 0.668 0.759 0.671 0.765 0.704 0.797 0.762 0.854 0.838 0.918 0.912 0.9633 0.9617 0.9866 0.9862

14 0.748 0.653 0.737 0.660 0.748 0.696 0.786 0.757 0.848 0.836 0.914 0.911 0.9619 0.9611 0.9862 0.9860

15 0.723 0.638 0.716 0.650 0.732 0.689 0.775 0.753 0.841 0.833 0.911 0.909 0.9606 0.9605 0.9857 0.9858

16 0.700 0.623 0.697 0.639 0.717 0.682 0.764 0.748 0.835 0.830 0.908 0.908 0.9595 0.9599 0.9854 0.9856

17 0.678 0.609 0.679 0.629 0.703 0.675 0.755 0.743 0.829 0.827 0.906 0.907 0.9583 0.9593 0.9850 0.9854

18 0.657 0.595 0.662 0.619 0.690 0.668 0.746 0.739 0.824 0.825 0.903 0.905 0.9573 0.9587 0.9846 0.9852

19 0.637 0.581 0.645 0.610 0.677 0.661 0.737 0.734 0.819 0.822 0.901 0.904 0.9563 0.9581 0.9843 0.9850

20 0.619 0.567 0.630 0.600 0.665 0.654 0.729 0.730 0.814 0.819 0.898 0.903 0.9554 0.9576 0.9840 0.9848

21 0.601 0.554 0.615 0.591 0.654 0.647 0.721 0.725 0.810 0.816 0.896 0.901 0.9545 0.9570 0.9837 0.9846

22 0.584 0.541 0.601 0.581 0.643 0.641 0.714 0.721 0.805 0.814 0.894 0.900 0.9536 0.9564 0.9834 0.9844

23 0.568 0.529 0.588 0.572 0.633 0.634 0.707 0.716 0.801 0.811 0.892 0.898 0.9528 0.9558 0.9832 0.9841

24 0.553 0.517 0.575 0.563 0.623 0.628 0.700 0.712 0.797 0.808 0.890 0.897 0.9520 0.9552 0.9829 0.9839

25 0.538 0.505 0.563 0.554 0.614 0.621 0.693 0.707 0.793 0.806 0.888 0.896 0.9513 0.9546 0.9827 0.9837

26 0.524 0.493 0.551 0.545 0.605 0.615 0.687 0.703 0.790 0.803 0.886 0.894 0.9506 0.9541 0.9824 0.9835

27 0.510 0.482 0.540 0.537 0.596 0.608 0.681 0.698 0.786 0.800 0.884 0.893 0.9499 0.9535 0.9822 0.9833

28 0.497 0.471 0.529 0.528 0.588 0.602 0.675 0.694 0.783 0.798 0.883 0.892 0.9492 0.9529 0.9820 0.9831

29 0.485 0.460 0.518 0.520 0.580 0.596 0.670 0.690 0.779 0.795 0.881 0.890 0.9486 0.9523 0.9818 0.9829

30 0.472 0.449 0.508 0.512 0.572 0.590 0.664 0.685 0.776 0.792 0.880 0.889 0.9479 0.9517 0.9816 0.9827

31 0.460 0.439 0.498 0.504 0.564 0.584 0.659 0.681 0.773 0.790 0.878 0.887 0.9473 0.9512 0.9814 0.9825

32 0.449 0.429 0.489 0.496 0.557 0.578 0.654 0.677 0.770 0.787 0.877 0.886 0.9468 0.9506 0.9812 0.9823

33 0.438 0.419 0.480 0.488 0.550 0.572 0.649 0.673 0.767 0.784 0.875 0.885 0.9462 0.9500 0.9810 0.9821

34 0.427 0.409 0.471 0.480 0.543 0.566 0.645 0.668 0.764 0.782 0.874 0.883 0.9457 0.9494 0.9808 0.9819

35 0.416 0.400 0.462 0.473 0.536 0.560 0.640 0.664 0.762 0.779 0.873 0.882 0.9451 0.9488 0.9806 0.9817

36 0.406 0.390 0.454 0.465 0.530 0.554 0.635 0.660 0.759 0.777 0.871 0.881 0.9446 0.9483 0.9805 0.9815

37 0.396 0.381 0.445 0.458 0.523 0.548 0.631 0.656 0.757 0.774 0.870 0.879 0.9441 0.9477 0.9803 0.9813

38 0.387 0.373 0.437 0.451 0.517 0.543 0.627 0.652 0.754 0.771 0.869 0.878 0.9436 0.9471 0.9801 0.9810

39 0.377 0.364 0.429 0.444 0.511 0.537 0.623 0.648 0.752 0.769 0.868 0.877 0.9431 0.9465 0.9800 0.9808

40 0.368 0.356 0.422 0.437 0.505 0.531 0.619 0.644 0.749 0.766 0.866 0.875 0.9427 0.9459 0.9798 0.9806

41 0.359 0.347 0.414 0.430 0.500 0.526 0.615 0.640 0.747 0.764 0.865 0.874 0.9422 0.9454 0.9797 0.9804

42 0.351 0.339 0.407 0.423 0.494 0.521 0.611 0.636 0.745 0.761 0.864 0.873 0.9418 0.9448 0.9795 0.9802

43 0.342 0.331 0.400 0.416 0.489 0.515 0.607 0.632 0.742 0.759 0.863 0.871 0.9414 0.9442 0.9794 0.9800

44 0.334 0.324 0.393 0.410 0.483 0.510 0.604 0.628 0.740 0.756 0.862 0.870 0.9409 0.9436 0.9792 0.9798

45 0.326 0.316 0.387 0.403 0.478 0.505 0.600 0.624 0.738 0.754 0.861 0.869 0.9405 0.9431 0.9791 0.9796

46 0.318 0.309 0.380 0.397 0.473 0.499 0.596 0.620 0.736 0.751 0.860 0.867 0.9401 0.9425 0.9790 0.9794

47 0.310 0.302 0.373 0.391 0.468 0.494 0.593 0.616 0.734 0.749 0.859 0.866 0.9397 0.9419 0.9788 0.9792

48 0.302 0.295 0.367 0.385 0.463 0.489 0.590 0.612 0.732 0.746 0.858 0.865 0.9393 0.9413 0.9787 0.9790

49 0.295 0.288 0.361 0.378 0.459 0.484 0.586 0.609 0.730 0.744 0.857 0.863 0.9390 0.9408 0.9786 0.9788

50 0.287 0.281 0.355 0.373 0.454 0.479 0.583 0.605 0.728 0.741 0.856 0.862 0.9386 0.9402 0.9785 0.9786

51 0.280 0.275 0.349 0.367 0.449 0.474 0.580 0.601 0.726 0.739 0.855 0.861 0.9382 0.9396 0.9784 0.9784

52 0.273 0.269 0.343 0.361 0.445 0.469 0.577 0.597 0.725 0.736 0.854 0.859 0.9379 0.9390 0.9782 0.9782

53 0.266 0.262 0.337 0.355 0.440 0.464 0.574 0.594 0.723 0.734 0.854 0.858 0.9375 0.9385 0.9781 0.9780

54 0.260 0.256 0.332 0.350 0.436 0.460 0.571 0.590 0.721 0.731 0.853 0.857 0.9372 0.9379 0.9780 0.9778

55 0.253 0.250 0.326 0.344 0.432 0.455 0.568 0.586 0.719 0.729 0.852 0.855 0.9369 0.9373 0.9779 0.9776

56 0.246 0.245 0.321 0.339 0.428 0.450 0.565 0.583 0.718 0.727 0.851 0.854 0.9365 0.9368 0.9778 0.9773

57 0.240 0.239 0.316 0.333 0.424 0.445 0.562 0.579 0.716 0.724 0.850 0.853 0.9362 0.9362 0.9777 0.9771

58 0.234 0.233 0.310 0.328 0.420 0.441 0.560 0.575 0.714 0.722 0.849 0.852 0.9359 0.9356 0.9776 0.9769

59 0.228 0.228 0.305 0.323 0.416 0.436 0.557 0.572 0.713 0.719 0.849 0.850 0.9356 0.9350 0.9775 0.9767

60 0.221 0.223 0.300 0.318 0.412 0.432 0.554 0.568 0.711 0.717 0.848 0.849 0.9353 0.9345 0.9774 0.9765

61 0.215 0.218 0.295 0.313 0.408 0.427 0.552 0.565 0.710 0.715 0.847 0.848 0.9350 0.9339

62 0.210 0.213 0.290 0.308 0.404 0.423 0.549 0.561 0.708 0.712 0.846 0.846 0.9347 0.9333

63 0.204 0.208 0.286 0.303 0.400 0.418 0.546 0.558 0.707 0.710 0.846 0.845 0.9344 0.9328

64 0.198 0.203 0.281 0.298 0.397 0.414 0.544 0.554 0.705 0.707 0.845 0.844 0.9341 0.9322

65 0.193 0.198 0.276 0.294 0.393 0.410 0.541 0.551 0.704 0.705 0.844 0.842 0.9338 0.9316

66 0.187 0.194 0.272 0.289 0.390 0.406 0.539 0.547 0.702 0.703 0.844 0.841

67 0.182 0.189 0.267 0.284 0.386 0.401 0.537 0.544 0.701 0.700 0.843 0.840

68 0.176 0.185 0.263 0.280 0.383 0.397 0.534 0.540 0.700 0.698 0.842 0.839

69 0.171 0.181 0.258 0.275 0.379 0.393 0.532 0.537 0.698 0.696 0.842 0.837

70 0.166 0.176 0.254 0.271 0.376 0.389 0.530 0.534 0.697 0.693 0.841 0.836

71 0.161 0.172 0.250 0.267 0.373 0.385 0.527 0.530 0.695 0.691

72 0.156 0.168 0.245 0.263 0.370 0.381 0.525 0.527 0.694 0.689

73 0.151 0.164 0.241 0.258 0.366 0.377 0.523 0.524 0.693 0.687

74 0.146 0.161 0.237 0.254 0.363 0.373 0.521 0.521 0.692 0.684

75 0.141 0.157 0.233 0.250 0.360 0.369 0.519 0.517 0.690 0.682

76 0.136 0.153 0.229 0.246 0.357 0.366 0.517 0.514

77 0.131 0.150 0.225 0.243 0.354 0.362 0.515 0.511

78 0.127 0.146 0.221 0.239 0.351 0.358 0.512 0.508

79 0.122 0.143 0.218 0.235 0.348 0.354 0.510 0.505

80 0.117 0.140 0.214 0.231 0.345 0.351 0.508 0.501

81 0.113 0.136 0.210 0.228 0.342 0.347

82 0.108 0.133 0.206 0.224 0.340 0.344

83 0.104 0.130 0.203 0.221 0.337 0.340

84 0.100 0.127 0.199 0.217 0.334 0.336

85 0.095 0.124 0.196 0.214 0.331 0.333

86 0.091 0.121 0.192 0.210

87 0.087 0.119 0.189 0.207

88 0.083 0.116 0.185 0.204

89 0.079 0.113 0.182 0.200

90 0.075 0.111 0.178 0.197

91 0.071 0.108

92 0.067 0.105

93 0.063 0.103

94 0.059 0.101

95 0.055 0.098

Measurement age in years [A]

Tree age (years) = A + B

EXPECTED AGE-AGE CORRELATION FOR LODGEPOLE PINE

I & regular 

II & bold

INC [B] 

(yrs)

Managing at 80-year rotation

Managing at 100-year rotation

Y = b0 - b1 x ln(INC)

Y = b0e-b1(INC)

5 (yrs) 10 (yrs) 15 (YRS) 20 (YRS) 25 Yrs) 30 (yrs) 35 (yrs) 40 (yrs)
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Table 1 shows that, in terms of the coefficient of determination (R2), eq. 7 fitted the age-age correlations 

data better than eq. 8 even though its prediction of the correlations during the first few yearly age 

differences exceed 1.0, which is the permissible highest value for a correlation coefficient. In contrast, 

eq. 8 predicts correlations that are within the permissible range but are substantially lower than the 

correlations that were used to fit the equation. However, the predicted correlation at the rotation age is 

almost the same for both equations. 

 

Within the limitations of the data and the method used to develop the age-age correlation prediction 

equations, it appears that continuing to measure field trials after age 40 to 50 years may not add value 

to improving the age-age correlation. At these ages, trees have long passed the middle growth phase 

characterized by high annual growth increments. In this later phase of their height growth trajectory, 

the amount of height growth accruing every year is so small that the resulting increase in age-age 

correlation is minuscule. 

4.2 Diameter Growth 
 

Alberta predicts genetic gain based on selection for height growth and doubles height gain to obtain 

volume gain. This assumes a perfect correlation between height and diameter at breast height (DBH). 

However, examination of the data used in this report shows that height and DBH are not necessarily 

highly correlated to justify the assumption that selection for height gain will bring an equivalent gain in 

DBH. For lodgepole pine, the data used in this report were from the G134 series which is an Alberta 

range-wide provenance trial and G127, which is the first phase progeny trial series for the B1 CPP 

region. For these data, the average correlation between height and DBH at the same age was 0.76 

(range: 0.58 to 0.95). For white spruce, the data used were from the G103 series Alberta range-wide 

provenance trial, G132 series trials linked to the E CPP region and G133 series combined provenance 

(stand)-progeny trial with mid- to northern latitude stands and families. For these data, the average 

correlation between height and DBH at the same age was 0.85 (range: 0.76 to 0.94). Across species 

(lodgepole pine and white spruce), the average correlation was 0.81. 

 

Volume production is the standard variable used to measure yield in forestry. It is calculated from tree 

height, DBH and taper function or form factor/quotient. Ignoring taper in our case, diameter and height 

growth become the two determinants of tree volume with which genetic comparison is made. 

Generally, for the observed data in Alberta field trials, the height-DBH correlations declined with tree 

age (Figure 8). This suggests that, after trees have passed a particular age/size, height breeding value 

may cease to be a good determinant of volume genetic gain due to the declining correlation between 

height and DBH, the other variable used to estimate volume production. When this stage is reached, one 

may have to worry about imperfect height-DBH correlation more than imperfect age-age correlation for 

height. 
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Figure 8:  The decline of height-DBH correlation with tree age. 

PL (lodgepole pine, r = -0.66), SW (white spruce, r = -0.69). 

5.0 GENETIC GAIN vs. SITE INDEX 
 

One of the recommendations of Flewelling (2008) on alternative methods of incorporating genetic gain 

into yield prediction is to treat genetically improved stands as having a “new site index” that is modified 

by genetic gain. Although this report is not meant to implement or discuss any of the Flewelling (2008) 

recommendations, it is prudent to see if there is similarity between site index as understood by 

foresters and genetic gain as understood by tree breeders. 

 

In forestry, the Site Index (SI) is a measure of productivity of a site on which the stand is growing (Avery 

and Burkhart 1994). This site productivity is a function of all environmental factors such as soil nutrients, 

temperature, moisture, light, topography, and soil physical characteristics. However, it is impossible to 

measure all these variables on each site in order to assign it an SI. Consequently, indirect measures of 

site productivity and therefore assignment of SI have been adopted in forestry. Unlike other tree 

variables, height in relation to tree age is considered to be insensitive to stand characteristics such as 

density and species composition; less affected by silvicultural treatment such as thinning, is strongly 

correlated with volume and, therefore, a better and stable indicator of site productivity. Hence, Site 

Index is defined as an average height of trees in a dominant and codominant strata of a well-stocked 

even-age stand at a specified index age (see Avery and Burkhart 1994). For example, SI at an index age 

of 100 years is the average height of trees in the dominant and codominant strata at the age of 100 

years. 

 

In Alberta, trees tested in the progeny trial have previously been selected from natural stands based on 

their height and other traits. If height is the main selection criterion, parents of trees in the progeny 
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trials are largely from dominant and codominant strata of the natural stands. The parental breeding 

values ( ĝ ) are calculated as deviations of family means from the trial general mean ( )̂y adjusted by 

the heritability ( 1' VC ) as expressed in equation 9. 

 

)ˆ('ˆ 1   yVCg                  [9] 

 

If genetic gain was predicted based only on breeding values (eq. 9), it would be a genetic gain over the 

mean of the dominant and codominant height instead of the mean height of the entire unimproved 

stand. Hence, a 2% (for clonal seed orchard) and 1% (for seedling seed orchard) is added on the gain 

obtained from eq. 9 to compensate for pre-selection of the test parents and make it genetic gain over 

height of an entire unimproved stand mean. 

 

A genetically improved stand will have been established with seed from the dominant and codominant 

strata of the unimproved stand. Parent trees that are retained in the seed orchard still differ in their 

height growth potential but with a smaller variance than the natural stand. Therefore, the genetically 

improved stand will have its own height stratification where the SI is defined by the average height of 

the best families of the best retained parents (the best of the best families). In this view, genetic gain 

could be treated as the change from a lower to a higher SI. 

 

Treating genetic gain as an increase in SI raises an important question that has been so far overlooked. If 

site productivity is determined by soil, climatic and stand characteristics that affect tree growth, a site 

must have a fixed wood carrying capacity. Trees of different growth rates should exhaust this carrying 

capacity at different rates, which would in turn change the commercial rotation age. If the site 

productive potential is not increased (e.g., fertilization), it is logical to think that deploying trees of a 

faster growth rate than unimproved trees should lead to a shorter rotation age for a fixed site 

productivity. Hence, as we attempt to define genetic gain in terms of SI and lifting of the growth curve, 

there may be demands for reducing the rotation age as a form of genetic gain. This would in turn change 

the reference age for the age-age correlation. 

6.0 CONCLUSION 
 

This report establishes a procedure for obtaining the age-age phenotypic correlation for white spruce 

and lodgepole pine in Alberta. Unlike the correlations obtained by the Lambeth (1980) equation that is 

currently used to adjust breeding values between measurement and rotation age, the correlations in 

Table 2 and Table 3 are based on the expected height growth trajectories of real experimental trees that 

are largely driven by observed data. For Alberta, fewer CPP programs have old progeny trials with 

enough serial height measurements for modeling height growth. Nevertheless, both lodgepole pine and 

white spruce provenance trials have adequate serial height measurement data to supplement progeny 

trials data because the age-age correlation prediction equations were developed based on the modeling 

of individual tree heights. By covering a broad range of climate and soils across the province for both 
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origins of trees and testing environments, provenance trial data allows the age-age correlations to be 

applicable across Alberta. Although these correlations are based on lodgepole pine and white spruce 

data, they should be applicable to other pines, spruce and larch in Alberta whose mode of growth is 

similar to that of lodgepole pine and white spruce. 

 

It should be noted that this new procedure of obtaining the age-age correlation does not preclude the 

adoption of the methods of incorporating genetic gain into growth and yield prediction proposed by 

Flewelling (2008). The age-age correlation only addresses the risk of selecting and retaining genotypes 

(seed parent trees) at a young age, which would have been culled if selection was made at a more 

advanced age (imperfect age-age correlation). The methods Flewelling (2008) recommended may 

address issues related to stand dynamics differences between free-growing trees in field experimental 

stands and trees growing in a mature production forest stand where trees intensely compete within and 

among species, which the age-age correlation is not meant to address. 

 

Finally, Table 2 and 3 provide correlations from two age-age correlation prediction equations. These 

correlations differ only in the early years (up to age 10 years) of the tree growth. At advanced ages 

including the rotation ages, the difference between the correlations from the two equations are trivial. 

Hence, the choice of which equation to use in an actual tree breeding program is practically 

inconsequential. 
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