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Estimation of Genetic-Gain Multipliers for Modeling Douglas-Fir
Height and Diameter Growth

Peter Gould, Randy Johnson, David Marshall, and Greg Johnson

Abstract: Methods were developed to calculate genetic-gain multipliers for use in individual-tree models that
predict periodic height and diameter growth of coast Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) in the
Pacific Northwest. Genetic-gain multipliers are used in growth models that are typically based on extensive
measurements of unimproved or "woods-run” stands, to adjust for the increased growth of stands generated from
improved seedlots. First-generation progeny test data from multiple breeding zones in the Northwest Tree
Improvement Cooperative were used. Data sets included initial heights and diameters and 5-year growth
increments for 10- and 15-year-old trees that were identified by open-pollinated families. Nonlinear mixed-effect
models were initially developed to predict the average growth of trees in al families, which, taken together,
represented woods-run populations. Phenotypic differences in growth rates were then calculated at the family
level. Differences among families in height and diameter growth rates were examined using methods from
quantitative genetics and raw phenotypic values. Because gain in total height and diameter a age 10 years is
currently the most widely available genetic information for improved Douglas-fir, equations were developed to
predict genetic-gain multipliers from family breeding values for these traits. A verification procedure illustrated
how incorporating multipliers in growth projections could reduce the mean-square error of predicted growth of
selected families. FOR. SCI, 54(6):588-596.

Keywords: tree improvement, growth models, progeny tests, Pacific Northwest

sources in the Pacific Northwest and other regions

may require revisions to yield tables and growth
models that were based on information from wild or
"woods-run" stands (Burkhart and Matney 1981). Project-
ing the growth of improved stands is important because
genetic gain in traits such as height or diameter growth may
lead to greater final harvest volumes and changes in man-
agement regimens, such as different thinning strategies and
rotation lengths. In addition, growth projections are also
needed for organizations to estimate their expected return
on investments in tree breeding programs. The growth of
woods-run stands of coast Douglas-fir (Pseudotsuga men-
Ziesii var menziesii [Mirb.] Franco) isfairly well understood
and can be predicted by several regiona growth models,
some of which are in the public domain (e.g., ORGANON
and FVS) (Donnelly 1997, Hann 2006). A major obstacle to
accounting for genetic gain in growth models for the Pacific
Northwest is alack of research data on the growth of trees
and stands generated from improved seedlots. Progeny tests
currently provide measures of family performance based on
the growth of individual trees in relative isolation or in a
mix of superior and inferior families. However, progeny
tests results are typically expressed in terms of percentage
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gain in total height or diameter at a given age. Individual-
tree growth models that are used in the Pacific Northwest
and elsewhere predict height and diameter growth incre-
ments, largely independent of tree age. Thus, the estimates
of genetic gain that are typically produced by progeny tests
cannot be readily incorporated into growth models.
Several approaches have been taken to incorporate the
effects of genetic gain into growth models. A common
approach is to estimate model parameters for individual
families or groups of families. This approach has been
applied to growth data for several species (Kurinobu and
Shingai 1987, Danjon 1995), most notably loblolly pine
(Pinus taeda L.) (Buford and Burkhart 1987, Knowe and
Foster 1989, Sprinz et al. 1989, Adams et a. 2006). The
height-age curve, often formulated as a site index curve, is
a key component of many models. Genetic gain has been
expressed by changing the height-age curve equation to
reflect increased height-growth rates, asymptotic heights, or
both (Buford and Burkhart 1987, Sprinz et al. 1989, Xie and
Y anchuk 2003). Such changes will also affect diameter or
basal area growth predictions that are based, in pat, on
height growth, total tree height, or site index. These growth
equations may aso need to be altered if genetic gain in
diameter growth is not consistent with the gain implied by
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the change in height growth. Parameter estimation can po-
tentially be used to incorporate detailed information on
different families into growth models, but it requires exten-
sve data sets. An ongoing modeling effort may aso be
required when new families are selected.

The use of genetic-gain multipliers is an approach that
requires relatively little modification to existing growth
models. Multipliers are calculated to reflect the relative
difference in growth rate between improved and woods-run
seed sources (Rehfeldt et d. 1991, Hamilton and Rehfeldt
1994, Carson et d. 1999). Predicted growth increments
from existing models are then adjusted using multipliers to
account for genetic gain in growth rate. As described by
Carson et d. (1999), genetic-gain multipliers provide a
means for extrapolating the results of progeny tests or
deployment studies to existing growth models. They allow
model users to take advantage of emerging, although in-
complete, information on the characteristics of trees from
improved seed sources. The individual-tree growth models
that are commonly used in the Pacific Northwest and else-
where predict growth increments based on initial tree size
and other tree-level and stand-level factors. Genetic-gain
multipliers for these models need to be able to accurately
adjust predicted growth increments for trees that may d-
ready have different growth rates owing to differences in
initial size and other factors.

The purpose of this study was to develop methods to
estimate genetic-gain multipliers that are suitable for use in
individual-tree growth models using data from progeny
tests. Specifically, we developed methods to estimate ge-
netic-gain multipliers for height and diameter growth using
data from first-generation progeny tests of Douglas-fir. An
extensive network of first-generation progeny tests of Dou-
glas-fir, coordinated first by the International Forestry As-
sociation-US Forest Service Progressive Tree Improvement
program, and later by the Northwest Tree Improvement
Cooperative (NWTIC), has been established in the region.
Superior parent trees have been identified and their breeding
values (BV) for total height and diameter gain a age 10
years have been estimated. The expected gains in tota
height and diameter were used to predict genetic-gain mul-
tipliers for height and diameter growth because these gains
have already been used to select parent trees and are cur-
rently the most detailed and widely used genetic informa-
tion available. Our methods can aso be used to estimate
multipliers for height or diameter growth directly from
progeny test results.

M ethods
Data Sources

Datafrom asubset of the first-generation NWTIC breed-
ing programs in Oregon and Washington were used for the
analysis. Individual breeding programs were intended to
cover a breeding zone, an area thought to contain a rela-
tively homogeneous environment from which parent trees
could be selected and their progeny could be planted while
maintaining adaptability. Test sites were selected to repre-
sent the range of ste conditions found within the breeding
zone. Several sets of 30 to 50 open-pollinated families each

were tested in each breeding zone. Most breeding programs
used a reps-in-sets test design. At each test site, the set of
families was planted using a honcontiguous plot design in
three to four blocks (reps) that contained four to six trees
from each family. This resulted in 12 to 20 trees established
per family per site. The initia tree spacing of most site-set
combinations ranged from 3.0 X 3.0to 24 X 24 m, but
three of those used for height-growth modeling had a spac-
ing of 1.8 X 1.8 m. Very few tests included checklots or
controls, but because parent trees were not selected on the
basis of phenotype (i.e., no-intensive plus-tree selection),
each set of families can be considered as a woods-run base
population. Planting spots on "atypical" ground (e.g., burn
piles, next to large stumps, or skid trails) were planted with
ordinary nursery seedlings that were not included in the test
data. Thesefiller seedlings represent 20-25% of all planting
spaces and were not measured.

Heights and diameters of al trees included in the mod-
eling data sets were measured 10 and 15 years after sowing.
Heights and diameters in some breeding zones were aso
measured 20 years after sowing. Family BV for height and
diameter (percentage gain over the woods-run populations)
were estimated by the NWTIC a age 10 years for al
families using standard quantitative genetic methodologies
(i.e, best linear unbiased predictions, White and Hodge
1989). Growth periods for the analyses were labeled by the
first year of the growth period (eg., the 10-year period
included the initial heights and diameters a year 10 and the
growth increments from year 10 to year 15). Data for each
period were evaluated to ensure that at least 10 trees were
measured for each family within a site-set combination,
each family was measured in at least three site-set combi-
nations, and at least 20 families were present within each
site-set combination. Other measurements typically used in
growth models, such as height to live crown and stand
density (because of the presence of unmeasured filler trees)
were not available. Site productivity was not estimated
using site index because the trees were relatively young and
their height growth was influenced by the unusually inten-
sive site preparation treatments applied in the progeny tests.
In addition, the different genotypes would potentially yield
different estimates of site index.

Woods-Run Models

Woods-run models to predict height and diameter growth
of individual trees were developed from the progeny test
data. The predicted growth of al families was assumed to
represent the mean growth of woods-run trees. Although
existing growth models (e.g., ORGANON or FVS) would
probably predict growth accurately on average, they were
not used because the progeny test data did not include
detailed tree-level (eg., crown ratio) and stand-level infor-
mation (e.g., basal area per hectare and site index). In
addition, more precise estimates of the growth of woods-run
trees were needed than could be produced by regional
models. Precision was critical because family differences
were expected to be small and could easily be obscured by
model error.

After evaluation of several model forms, the combined
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exponential-power function (Sit and Poulin-Costello 1994)
was selected to model height and diameter increments for
each period. This function allows predicted growth to in-
cresse, reach a peak, and then decrease with increasing
initial height or diameter, which is acommon pattern in tree
growth. The models were

B - IJiBZ' .’{{i + &, (1)
Bi - DiBE'Bsi + g, (2)

where Ai is 5-year height increment for tree i, Hi is height
of tree i a the beginning of the period, iis 5-year
diameter increment for tree i, D, is diameter of tree i at the
beginning of the period, 31,3 are model coefficients, and &
is the residual for treei,

Models were fit separately for the 10- and |S-year peri-
ods. The parameters 3;, 3, and 33 were fit as mixed
parameters (i.e., containing both fixed and random effects).
Random effects were estimated at the level of the site-set
combination to ensure that differences among families
Within oots \ere not unduly obscured by variation among
sets and among sites. Although the woods-run models did
not explicitly account for important factors that influence
growth, such as site productivity, social position, and stand
density, the random effects help to capture the aggregate of
effects that are attributable to differences among locations
(Fang and Bailey 2001, Robinson and Wykoff 2004). These
resulting models were complex, but parsimony was not an
important consideration (unless it affected the convergence
of parameter estimates) because the models were not meant
to be genera or used elsewhere, Model parameters were
estimated using the nime package (Pinheiro et d. 2006) in
R (R Development Core Team 2006). The percentage of
growth variance explained by the models was calculated
using RL: whichis based on the difference in log-likelihood
between full and intercept-only models (Magee 1990) and is
an appropriate statistic for mixed-effects models (Kramer
2005).

Estimation of Genetic-Gain Multipliers

Using height growth as an example (the same anaysis
was also done for diameter growth), the phenotypic multi-
plier, M, is calculated for tree i by

AH, AH,

M, = AF . 100%, (3)
where 2 is observed height growth of tree i and A, is
predicted height growth of tree i under the woods-run
model.

We define the genetic-gain multiplier, Ma, as the breed-
ing value of M. Ma is calculated for afamily from M and the
heritability of M (Falconer and Mackay 1996):

h?
Ma = 2' M . (4)

where M is the mean of M among tested progeny and 42, is
family-mean heritability of M. Similarly, the genetic gain
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due to selection of parents on phenotypic family means is
predicted by

Gy = 2 ikyoy, S
where i is selection intensity and 9 is the SD of family
means of M.

Family breeding velues are typically multiplied by 2
(Equation 4) to estimate parent breeding values under the
assumption that the open-pollinated families are truly half-
sib families. Similarly, the genetic gain of seedlots from an
idealized clonal seed orchard (i.e., random mating and with-
out pollen contamination) is two times the family gain
(Equation 5). M and G,, would typicaly be converted to
proportions for use in growth models so that without selec-
tion (i.e., woods-run seed sources) it would equal 1.0 and
for improved seed sources would equal >1.0.

Ma could be directly estimated from Equation 4 and G,,
from Equation 5; however, this study is concerned with how
selection on height (H) a age 10 years affects the rate of
subsequent height growth. The expected gain in M when
trees are selected for H is estimated using the equation for
indirect selection (Falconer and Mackay 1996):

GM = 2= ithHraUM, (6)

where h,, is the square root of heritability for H at age 10
years, I', is the genetic correlation between Hand M calcu-
lated by Tuettd 04, %t \where OMete TMp and THr are the
family (family-within-set) component of covariance and
square roots of the family variance components for M and
H. The expected gainin M per unit gain inH is estimated by
dividing both sides of Equation 6 by Equation 5 (substitut-
ing H for M in Equation 5). This yields a genetic slope
coefficient to estimate G,, from G;:

ag = Gy/Gy = r, (hyoylhyoy), (7)

where 74 is theSD of family means for height.

Estimates of *¢ were calculated for each breeding zone
and period using Equation 7 with G, and G,; expressed as
percent gains over their respective population means. PROC
VARCOMP in SAS (SAS Indgtitute, Ing, Cary, NC) was
used to estimate genetic parameters a2 M My Tie
and %n o from the variance components of the linear model

vhiw = P+ S+ + R + (STYij

+ ki) T (F)il() T ehijkl, (8)

where vikz is the observation on tree h in site i in setj in
replicate k in family t, w is the grand mean for the breeding
zone, si is the effect of test site i, T;; is the effect of setj, rk(ij)
is the effect of replicate k in dite i and setj, rz() is the effect
of family tin setj, (sm)ij and Fsirv) are interaction terms,
and e, is residua error.

The dependent variable in Equation 8 was set to the
individual-tree values of M to estimate 42, and Opg TTEE
height as the percent deviation from the replicate mean was
used as the dependant variable to estimate 4% and op, The
sum of M and H were used to estimate g, using the
relationship oy = (@M+H)2 - O3 — OE)2. FamHy mean



heritabilities (Falconer and Mackay 1996) were calculated
for each breeding zone by

_ oF
T+ oals + APlsn’ ©)

where 0% is variance due to family, % is variance due to
family x site interaction, o7 is within-family and site error
variance, n is number of trees in each family a each test
site, and s is number of test sites. The values of sand nin
Equation 9 were approximated because the numbers of
observations were not balanced among families and sites.

h2

Estimation of Phenotypic Multipliers

The BY for total height (or diameter) at age 10 years is
currently the most widely available genetic information on
the parent trees tested by the NWTIC. The phenotypic
multipliers (M) calculated from the progeny test data (de-
scribed above) are currently the only estimates of how the
growth of families deviates from expected growth under a
woods-run model. A second approach to evauating the
relationship between height gain at age 10 years and M was
taken using the ordinary least-squares (OLS) regression
slope formula (Cook and Weisberg 1999)

ap = rp(oy/opy), (10)

where r, is the Pearson correlation coefficient of phenotypic
values (uy-gy/0308y) and usv is the SD of previously
calculated BY for height at age 10 years.

Coefficients were estimated for the individual breeding
zones, and all breeding zones were combined for each
period. Coefficients for the combined breeding zones were
also estimated using weighted least-squares (WLS) regres-
sion (Cook and Weisberg 1999) with weights = |/se(BV) to
account for differences in the precision of the estimates of
BY among breeding zones. The phenotypic coefficient (ap)
is similar to the genetic coefficient (aG)' but they are not
identical. Because BV for height were calculated using the
form of Equation 4, Equation 10 can be rewritten as

Tu 11

ap = Ip oy (11)

Because both traits are estimated from the same progeny

tests, the correlation between traits is the correlation of

phenotypic family means (r,)" The correlation is given by
(Burdon 1977)

r, = rohyhy + reyeq. (12)

where r, is the genetic correlation between traits, r, is the
correlation between environmental effects, em = (1 -
W2 eH = (1 - h3)Y? and eM' eH <1.0. Substitution
Equation 12 into Equation 11 gives

Oy

ap = (rhyhy + reyey) o’
HOH

hyOu " Oy
Q r Fepey T
p a hHO'H eCH MhHa_Ha

+ o
a, = a r.eney T . 13
b G «€H MhHC"H (13)

The estimates of qp provide a simple illustration of the
relationship between predicted gain in height and M, but
they are expected to be upwardly biased owing to the
environmental correlation between H and M. IfM and BY
had been estimated from separate trias (r, = 0) or if k3, =
k% = 1(eM = eH = 0), then ap and ag would be equal.

Verification

A verification procedure was done to demonstrate the
usefulness of M for improving growth estimates for selected
families. First, the top 25% of families from each breeding
zone were selected on the basis of their BY for height or
diameter. Next, 1,000 samples, each consisting of 250 trees,
were randomly selected from the subset of top families. The
average growth increment was calculated for each random
sample using the woods-run predictions and a range of
values for M. M was calculated from

M = 1+ (a'BV)/IOO. (14)

A range of values of « were tested. The span of « ranged
from the case of aneutral multiplier (i.e., « =0.00 s0 that
M = 1.000for al BV) to the case where M was much larger
than would generally be expected for a given BV. The
average reduction in mean-squared error (MSE) due to M
was calculated, and the percentage of the 1,000 cases for
which M reduced the MSE below that of the woods-run
model was aso calculated.

Results
Data Summary and Woods-Run Models

Height-growth measurements from 2,485 families in 16
breeding zones were used for the 10-year period (Table 1).

Table 1. Summary of height-growth and diameter-growth datasets

Daa szt and period Breeding zones Families Ste-set combination Obs H AH D AD
...................................................... (n) e (M) e (CM) e
Height-growth
10 yr 16 2,485 521 222818 428 444 NA NA
15 yr 1 0 15 7571 9.60 449 NA NA
Diameter-growth
10 yr 7 1178 213 83,072 NA NA 541 593
15 yr 2 32 48 20,396 NA NA 1214 427

Mean initial heights (II) and mean height-growth increments (AH) are shown for the height-growth data sets. Mean initial diameter (D) and mean
diameter-growth increments (AD) are shown for the diameter-growth data sets. NA, not applicable.
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Measurements from only 90 families in one breeding zone
were available for the 15-year period. The mean initial tree
height was 4.3 m for the |O-year period and 9.6 m for the
15-year period. The mean height growth increment for both
periods was ~4.5 m. The |O-year diameter-growth data set
was smaller and the 15-year data set was larger than the
corresponding height-growth data sets. The mean diameter
a 15 years was more than twice that at 10 years; however,
the mean diameter increment was smaller for the 15-year
period than for the 10-year period.

The woods-run height-growth models explained about
67% of the variation in height increment for the 10-year
period and 18% for the 15-year period (Table 2). An anal-
ysis of residuals and the model parameters indicated that the
15-year model provided a good fit to the data, despite the
low R?. Growth was relatively invariant with initial height
among sites and sets within sites for the |S-year data s,
apparently because trees were reaching the height and age at
which the height increment of Douglas-firis at its maximum
(Bruce 1981). As aresult, the model would only converge
with one random coefficient & most (B,) The ranges of
random effects in the 10-year model were large relative to
the fixed effects, indicating that differences between site-set
combinations had a strong effect on height increments. The
woods-run diameter-growth models explained about 60% of
the variation in diameter increments for both periods. The
ranges of random effects were aso large relative to the fixed
effects for the 10-year model. Smaller ranges of random
effects were estimated for the 15-year model in which fewer
breeding zones and site-set combinations were included.

Estimation of Multipliers

The genetic slope coefficients («;) for the 16 breeding
zones analyzed for height growth during the 1O-year period
ranged from 0.14 to 0.59 (Table 3). The mean value of ag
for the 10-year period was 0.36. The phenotypic Slope
coefficients (ap) were approximately equal to the genetic
coefficients for al but one breeding zone and had a mean
value of 0.35. The exception was breeding zone 3, for which
ap Was considerably greater than a;. The equations used to
calculate a; and o (Equations 7 and 11, respectively) have
the same form and their components can be compared to
identify how they affected the coefficient estimates. For
example, rg was greater than rp in al cases (see Equation
11), which increased the estimate of «,; relative to ap. The
SD of M (o) appears in both equations, but it is multiplied
by the sguare root of its heritability for e, which partialy

negates the differences between ry and rp- The SD of BV
(ogy) that was used to estimate a, was less than its coun-
terpart in the genetic equation (hyo ). The differences are
attributable to two sources. First, the SDs of phenotypic
height gains were multiplied by /% to yield BV. Because h%,
< hR, ogy Was reduced relative to ko, Second, differ-
ences between the data set used in this study and the data set
used previoudly to estimate BV (which included some fam-
ilies that were not suitable for modeling growth) may have
aso contributed to the differences, particularly in the case of
the smaller value of o, for breeding zone 3. Despite these
differences, the two approaches yielded very similar esti-
mates for the slope coefficients. Data from only one breed-
ing zone were available for the 15-year period, and «; and
ap Were very similar.

Similar patterns were found in the estimates of «, and
ap for the diameter-growth and height-growth data sets
(Table 4). Values of a, ranged from 0.10 to 0.51. The
genetic and phenotypic approaches yielded similar results
overall with average dope coefficient estimates of 0.31 and
0.36 for c; and «p, respectively, for the 10-year period and
0.48 and 0.45 for the 15-year period. As was found with the
height-growth data sets, a, was considerably grester than
o for breeding zone 3, in large part because of the rela-
tively low value of opy.

The OLS and WLS estimates of phenotypic coefficients
for the combined breeding zones for the 10- and 15-year
periods were highly datistically significant (P <
0.0001-0.009) (Table 5). All intercept estimates were
within 1 SE of zero, indicating that the intercept could be
dropped from the predictive equations without reducing the
accuracy of M. The dlope estimates were similar to the
average values of a; and ap for the individual breeding
zones, although the OLS and WLS dope estimates for
|0-year height growth were somewhat lower. OLS and
WLS dope estimates were compared between the 10- and
15-year periods using the general linear model (Neter et d.
1996). Only families that were measured in both periods
were used for the comparisons. The differences between
dope estimates were not statistically significant for either
the height-growth (P = 0.42 and 0.45 for OLS and WLS,
respectively) or diameter-growth models (P = 0.126 and
0.179 for OLS and WLS, respectively).

Verification

The verification procedure indicated that the MSE of the
height-growth and diameter-growth increments predicted by

Table 2. Parameter estimates for the woods-run height-growth and diameter-growth models

fal 132 f33 R2
L

Period (yr) Fixed Random Fixed Random Fixed Random (%)
Height-growth

10 2313 (0.034) -1.781,2.141 0.955 (0.016) -0.7731, 0.8375 0.862 (0.003) -0.210, 0148 67.3

15 0.601 (0.068) -0.058, 0.065 1.371 (0.091) NA 0.894 (0.009) NA 176
Diabetes-growth

10 3.305 (0.088) -2.189, 3.274 0.354 (0.019) -0.380, -0.681 1.006 (0.003) -0.093, 0.076 60.6

15 0111 (0.012) -0.085, 0.215 1.849 (0.027) -7.22 X 10-°,4.93 X 107° 0941 (0.005) -0.070, 0.048 59.0

Fixed effects are shown with 1 SE; random effects show minimum, maximum. The percentage of variation explained by the models (R?) is shown.
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Table 3. Results from the genetic and OL S approaches to calculate slope coefficients for predicting the percentage gain in height

growth from 10-yr height gain

Genetic Phenotypic
Period
Bz (yr) hMuy hHuy I [ Tur Tpy o ap
1 10 251 3.96 0.52 0.33 3.27 3.36 0.35 0.34
2 10 2.50 3.07 0.68 0.55 2.89 2.79 051 0.52
3 10 261 4.16 0.75 0.47 317 2.10 047 0.71
4 10 2.27 4.45 0.79 0.40 2.55 417 0.61 0.37
5 10 1.87 3.85 051 0.25 2.39 3.26 0.36 0.27
6 10 3.65 731 0.43 021 4.74 6.38 0.20 0.15
7 10 151 4.26 0.56 0.20 2.67 3.53 0.22 0.16
8 10 2.44 4.08 0.49 0.29 2.98 3.69 0.36 0.29
9 10 224 3.87 0.56 0.32 2.85 312 0.36 -0.33
10 10 211 3.18 0.54 0.36 2.95 3.22 0.32 0.29
11 10 1.98 4.07 0.81 0.39 3.15 3.72 0.46 0.39
12 10 4.48 4.74 0.62 0.59 491 4.79 0.45 0.46
13 10 254 3.60 0.59 0.42 3.04 297 0.40 041
14 10 271 3.46 071 0.56 3.22 2.67 0.46 0.55
15 10 193 3.24 0.54 0.32 261 2.94 0.28 0.25
16 10 2.04 4.35 0.30 0.14 3.06 491 0.19 0.12
14 15 2.18 3.50 0.63 0.43 3.19 2.67 0.34 041

Results are given for each breeding zone (BZ) used in the analysis and growth period.

Table4. Resultsfrom the genetic and OL S approachesto cal culate slope coefficientsfor predicting the percentage gain in diameter

growth from 10-yr diameter gain

Genetic Phenotypic
Period
BZ ") hMuy hMuy 'c ag Ty 2% Mo ap
2 10 3.68 4.22 0.59 051 4.08 381 0.42 0.45
3 10 2.66 4.51 051 0.30 3.09 1.89 0.29 0.48
6 10 4.12 9.13 0.33 0.15 4.80 6.55 031 0.23
9 10 2.53 4.25 0.17 0.10 3.23 3.18 0.22 0.23
10 10 2.77 3.57 0.39 031 342 3.49 0.33 0.32
11 10 3.78 4.74 0.55 0.44 4.56 4.40 0.47 0.48
15 10 3.32 4.54 0.46 0.33 4.03 3.96 0.30 0.30
2 15 6.05 3.82 0.25 0.40 6.30 381 011 0.18
3 15 4.23 421 0.55 0.55 5.06 1.90 0.27 0.72

Results are given for each breeding zone (BZ) and growth period used in the andyss.

Table5. Coefficients (se) for the equationM = a, + «;* BV for the combined height-growth and diameter-growth datasets using
ordinary-least squares (OLS) and weighted least-squares (WLS) with weights = 1/se(BV).

o, a

Period (yr) OLS WLS OLS WLS r
Height-growth

10 -0.04 (0.06) -0.04 (0.055) 0.29 (0.02) 0.31 (0.02) 12.2

15 -0.08 (0.32) -0.06 (0.29) 0.41 (0.12) 0.42 (0.12) 11.8
Diabetes-growth

10 -0.07 (0.12) -0.07 (0.112) 0.32 (0.03) 0.34 (0.03) 11.3

15 -0.08 (0.32) -0.16 (0.32) 0.27 (0.10) 0.29 (0.11) 21

the woods-run models were reduced when M was used to
adjust the initial predictions (Figure 1). A wide range of
slope coefficients (@) was used to calculate M from the
equation M = 1 + (a . BV)/IOO. The results from 1,000
random samples each consisting of 250 trees randomly
selected from the top 25% of families from each breeding
zone (as measured by their BV for total height or diameter)
demonstrated the sensitivity of growth predictions to the exact
value of « used to calculate M. The greatest reductionin MSE
occurred when o was equal to the phenotypic slope estimates,

but the reduction in MSE was only moderately sensitiveto a.
Thus, similar reductions in MSE occurred for height and di-
ameter growth during thelO-year period when « ranged from
~0.26 to 0.36. Because height and diameter growth for the top
families was generally underpredicted by the woods-run
model, asmall value of « reduced MSE in nearly 100% of the
1,000 test cases. Applying M calculated within the range of «
estimated by the genetic and phenotypic approaches (i.e,
0.29-0.36) reduced M SE in more than 70% of cases. Growth
was overpredicted in an increasingly large percentage of cases
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Figure 1. Verification of the effectiveness of growth multipli-
ers (M) for reducing the M SE of predicted height growth (left)
and diameter growth (right) during the 10- and 15-year peri-
ods. Results are based on 1,000 random samples each of 250
trees from the top families in each breeding zone. The average
total reductionin MSE whenM was calculated by M = « . BV
(whereBV is the breeding value for total height or diameter at
age 10 years) is shown at top and the percentage of cases where
M reduced M SE is shown below.

as « increased; thus the percentage of cases in which MSE was
reduced decreased considerably with excessively large values
of a.

Discussion

The slope coefficients listed in Tables 3, 4, and 5 were
derived using different approaches, but they yielded similar
results. The genetic approach yielded an average value of
0.36 for height growth during the 10-year period, while the
phenotypic approach for the combined data sets yielded
values of 0.29 using OLS and 0.31 using WLS. For diameter
growth during the [O-year period, the genetic approach
yielded an average value of 0.31, whereas the OLS and
WLS methods yielded values of 0.32 and 0.34, respectively,
for the combined data sets. The genetic coefficients for the
15-year period were greater than those for the 10-year
period, but there was not a statistically significant difference
between the phenotypic estimates for the two periods based
on the analysis of families common to both periods. We
recommend that modelers use the 10-year average genetic
coefficients for calculating M from expected gain in height
or diameter at age 10 year. Whereas the phenotypic coeffi-
cients provide the best fit to the data from the progeny tests,
the genetic values provide the best predictions of genetic
gain in growth rates in future stands (Falconer and Mackay
1996). These values were calculated from larger data sets
than those used to calculate the 15-year values and should
provide the best predictions of the gain in M due to selection
for total height or diameter. Results of the verification
procedure suggest that M SE can be reduced for both time
periods using a single value of M. We recommend that
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modelers assume that M remains constant for stands beyond
age 10 years until more information becomes available.
These results are consistent with those of a similar study
focused on the growth of improved radiata pine (Pinus
radiata D. Don) which showed that genetic-gain multipliers
did not decline over a similar period (Carson et d. 1999).
Because predicting volume a the end of the rotation is the
goal of many growth projections, model users will routinely
extrapolate these results beyond the period examined in this
study. Caution is warranted, particularly for longer rota
tions. Additional data should be analyzed as it becomes
available to determine whether this assumption holds true.
Early genetic gain in height or diameter (up to age 10 years)
should aso be included in growth projections. A workable
approach may be to integrate early genetic gain into stand
establishment models or submodels on the basis of the
expected gain a 10 years. This model output would then be
used to project future growth using an individual-tree model
with multipliers.

Several approaches could be used to calculate M for
inclusion in growth projections. M could be predicted di-
rectly from progeny tests results as a breeding vaue for
individual parent trees or families using a methodology
similar to that outlined in this study (Equations 3, 4, and 5).
In the present study, it was assumed that families had
aready been selected or would be selected on the basis of
total height or diameter at 10 years and breeding values for
these traits would be the most readily available measure of
genetic value. In this case, M could be predicted on the basis
of the existing breeding values. Ultimately, multipliers will
be applied to genetically improved stands, and M will need
to be calculated as a measure of the genetic worth of the
seedlot used to generate a particular stand (Xie and Yan-
chuk 2003). M can be calculated from the predicted gain in
10-year height or diameter for the seedlot or from breeding
values of M for the parent trees. In either case, pollen
contamination and other factors should be considered when
gainin total height and diameter and values of M for height
and diameter growth are estimated. The values of M will
vary according to the predicted gain in height or diameter of
a particular seedlot. For comparison with other studies,
Carson et d. (1999) calculated a height-growth multiplier of
1.051 for improved radiata pine from open-pollinated seed
orchards. Hamilton and Rehfeldt (1994) calculated multi-
pliers of 1.072 for height and 1.092 for diameter for open-
pollinated ponderosa pine (Pinus ponderosa Dougl. ex
Laws.) families. Using the mean genetic coefficients for the
10-year period in Equation 14, height-growth multipliers of
1.051 and 1.072 would be appropriate for Douglas-fir seed-
lots with [O-year height gains of 14 and 20%. A diameter
gain of 30% would yield a diameter-growth multiplier of
1.092. The effects of the multipliers need to be evaluated
after accounting for any prior gain that is expected to occur
before the beginning of the projection period. Growth mod-
s can then be used to estimate the ultimate volume gain at
the end of the rotation; however, such volume projections
should be interpreted with caution because they will typi-
cally run beyond the period examined in this study.

The methodological approach used in this study was
largely dictated by the available data. One question raised



by the approach is how the genetic-gain multipliers will
perform in regional growth models such as ORGANON or
FVS (Donnelly 1997, Hann 2006). In a similar study (Car-
son et d. 1999), an existing regional growth model was used
to predict woods-run growth, and predicted growth was then
compared with the actual growth of improved seedlots to
yield genetic-gain multipliers. This approach was not pos-
sible in the present study because stand- and tree-level
variables used in regional growth models were not mea
sured in the progeny tests. However, the multipliers repre-
sent the simple ratio between woods-run growth and the
growth of aparticul ar seedlot. Consequently, they should be
appropriate for use in any individual-tree model that pro-
duces unbiased growth estimates for woods-run popula-
tions. When incorporated into growth models, genetic-gain
multipliers are expected to accelerate the development of
improved seedlots but not to change the overall patterns of
tree and stand development. Althoughthis effect is appar-
ent, problems may be identified in specific growth models,
and caution is warranted. For example, volume estimates for
improved stands may need to be reevaluated if existing
equations are unable to accurately account for changes in
the height/diameter ratio because of different levels of ge-
netic gain for these traits.

The experimental design of the present study (noncon-
tiguous individual-tree plots) was not optimal for modeling
genetic gain and may aso have some effect on the accuracy
of the estimates of M. Stand age and density can affect the
expression of genotypic differences, particularly in diame-
ter-growth rates (Nance and Wells 1981, Magnussen 1989).
Block-plot trias, in which families with similar genetic gain
are planted together, better replicate the operational deploy-
ment of improved seedlots. In the NWTIC data sets, 10-year
genetic gain could have been inflated relative to realizable
gainif size differences between families resulted in a com-
petitive advantage among trees in the top families and a
concurrent disadvantage among those in families that per-
formed poorly. However, the actual competitive advantage
of trees in the top families was probably small in this case.
Open-pollinated families of Douglas-fir contain, on aver-
age, about 95% percent of the phenotypic variation found
within the larger population through age 20 years (Johnson
et d. 1997). Thereis a great deal of overlap in height and
diameter distributions (and presumably competitive abili-
ties) among families despite differencesin family means. In
addition, the progeny tests in this study had wide initial
spacings relative to those of other studies (e.g., Magnussen
1989), suggesting that competition was not as dominant a
factor in determining tree size and growth rates as has been
reported at closer spacings. Early results from Douglas-fir
block-plot trials also indicate that individual-tree plots can
produce unbiased estimates of realized gain (S. Clair et a.
2004) More important to this study was the potential effect
of competition on the estimation of M at the family level. M
was estimated after accounting for initial size and differ-
ences in density and other factors between plantings (via
random effects). Thus, the impact of competition on the
estimates of M was probably minimal. Block-plot trials are
still urgently needed to test and refine our results, particu-
larly for later stages of stand development during which

competition is more important. In addition, block-plot trias
are needed to better understand other differences between
genotypes, such as differencesin maximum density, asymp-
totic height, and stand volume. One such block-plot trial
was established in 1997 (St. Clair et d. 2004) and another in
2005 and 2006 (Jayawickrama 2006).

The precision of the estimates of BV and M are aso
important to growth modeling. Parent trees can be selected
and breeding values can be estimated with an acceptable
level of error using relatively small numbers of progeny in
well-designed progeny tests. However, error in the esti-
mates of BV and M take on greater importance when they
are used in growth models. The OLS and WLS estimates of
o were affected by error in BV because both regression
approaches assume that the independent variable was mea-
sured without error. Error in the independent variable re-
duces the magnitude of the regression slope coefficient
(Schaalje and Butts 1993, Buonaccorsi 1995). In most
growth models, the prediction error in M, as well as mea
surement error in other variables, will not be recognized.
However, it will be manifested by greater error in growth
predictions. For the purpose of projecting the growth of
improved seedlots, itis clearly important to estimate BV and
M as precisely as possible.

Conclusions

The results presented here provide a new method for
calculating multipliers for height and diameter growth of
improved Douglas-fir in the Pacific Northwest. They can be
applied to parents with known breeding values for total
height and diameter at age 10 years or to seedlots with
predicted levels of gain for these traits. Growth differences
between woods-run and improved seedlots appear to remain
fairly constant from ages 10-20 years. On the basis of this
information, we recommend calculating multipliers using
the average genetic regression coefficients for the 10-year
period to project the growth of stands that are 10 years or

.older. Users should be aware that growth projections will

routinely exceed the period spanned by the data used to
predict the multipliers and caution should be exercised. Tree
lists created from stand inventories provide the best infor-
mation for projecting stands 10 years or older. Representa-
tive tree lists or those created by stand establishment models
to reflect woods-run populations can potentially be adjusted
on the basis of the expected gain of a seedlot in total height
and diameter a 10 years. Including this early gain will
probably be important to accurately predict long-term stand
development.
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