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Breeding objectives for three silvicultural regimes
of radiata pine
Luis A. Apiolaza and Dorian J. Garrick

Abstract: A generic vertically integrated firm, comprising a production forest, a sawmill, and a pulp mill was modelled
under three silvicultural regimes: direct to pulp, intermediate (includes production thinning), and intensive (includes
production thinnings and pruning). The harvest age traits included in the breeding objective were total volume (m3/ha)
and average wood density (kg/m3). Economic values for each trait were calculated as the difference in discounted profit
for a unit marginal increase of volume or density, and expressed as relative weights to facilitate comparisons between
the objectives. The methodology was applied to a Chilean case study using representative economic and production circumstances. The breeding objectives so derived were 1vol + 2.4den for pulp, 1vol + 1.1den for intermediate, and
1vol + 1.2den for the intensive regime, where vol and den are the breeding values for volume and density, respectively.
The firm was profitable under all regimes. Genetic correlations between the objectives for each regime were higher
than 0.9, indicating that a single breeding strategy with objective 1vol + 1.5den could be adopted, with almost no loss
of genetic gain relative to selecting for a particular silvicultural regime.
Résumé : Les auteurs ont simulé une compagnie générique intégrée verticalement et comprenant une forêt commerciale, une scierie et une usine de pâte selon trois régimes sylvicoles : le bois directement acheminé à l’usine de pâte,
un régime intermédiaire (comprenant une éclaircie commerciale) et un régime intensif (comprenant des éclaircies commerciales et de l’élagage). Les caractères à l’âge de la récolte qui étaient compris dans l’objectif d’amélioration étaient
le volume total (m3/ha) et la densité moyenne du bois (kg/m3). La valeur économique de chaque caractère a été calculée comme la différence entre le profit obtenu pour une augmentation marginale unitaire du volume ou de la densité.
Ces valeurs ont été exprimées sur une base relative afin de faciliter les comparaisons entre les objectifs. La méthode a
été appliquée à une étude de cas au Chili avec des conditions représentatives, tant au niveau de l’économie que de la
production. Les objectifs d’amélioration ainsi obtenus étaient de 1vol + 2,4den pour la pâte, 1vol + 1,1den pour le régime intermédiaire et 1vol + 1,2den pour le régime intensif, où vol et den sont les objectifs d’amélioration pour le volume et la densité, respectivement. La compagnie enregistrait des profits sous tous les régimes. Les corrélations
génétiques entre les objectifs pour chacun des régimes étaient supérieures à 0,9, indiquant ainsi qu’une stratégie unique
d’amélioration avec un objectif de 1vol + 1,5den serait envisageable, avec presque aucune perte de gain génétique relativement à la sélection en fonction d’un régime sylvicole particulier.
[Traduit par la Rédaction]
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Introduction
The forest industry is a complex system where plantations
are grown, harvested, and then processed to produce many
different end products. Assuming that forest companies work
in a competitive market, where the participants are interested
in profit, it is possible to assume the industry is driven by
profit maximization. Profit, defined as the difference between
discounted incomes and costs, is a complex function depending on many production and economic variables. An inReceived June 22, 2000. Accepted December 12, 2000.
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crease in profit can be achieved through increasing incomes
(either higher quantity or quality of products), reducing costs,
or various combinations including both components. A better
quality product should attract a price premium, while an incremental increase in volume of production at the same costs
reduces average costs per unit.
Tree breeding is one of the tools utilized by the industry
to increase profit. Hazel (1943) formalized the concept of
breeding objective (H) or aggregate economic genotype as a
linear combination of additive genetic values of two or more
traits weighted by their relative economic values:
H = v1a1 + v2a2 + … + vnan = v′a
where v′ = [v1, v2, …, vn] is the vector of relative economic
values and a′ = [a1, a2, …, an] is the vector of additive genetic values. An economic weight represents the benefit of
one unit improvement of the trait without altering the other
traits present in the objective (Hazel 1943). Sometimes a distinction is made between absolute benefit (economic value)
and relative benefit (economic weight) of improving a trait.
The selection criteria in a breeding program are not necessarily the same as the traits in the objective, although their
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choice is dictated by the traits in the objective (Barlow
1987; Ponzoni and Newman 1989). These criteria are normally combined in a selection index (I) with weights that
maximize the correlation between H and I:
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Fig. 1. Schematic diagram of a generic vertically integrated industry.

I = c1y1 + c2y2 + … + cmym = c′y
where c′ = [c1, c2, …, cm] is the vector of index weights calculated using genetic and economic information and y′ = [y1,
y2, …, ym] is the selection criteria or vector of assessments
(adjusted for fixed effects). If G is the m × n additive genetic
covariance matrix among the m criteria in the index and the
n traits in the objective, and P is the m × m phenotypic covariance matrix among the criteria in the index, c = P–1Gv.
This index is optimal when genetic effects are completely
additive and the economic weights are linear functions of
their genetic value (Gibson and Kennedy 1990). Thus, knowledge of the breeding objective (traits and their economic
weights) is a necessary condition to optimize selection in a
breeding program incorporating multiple traits.
A good starting point to define a breeding objective is asking “what do we want to improve?” (Ponzoni and Newman
1989). Usually it is possible to define the breeding objective
as profit maximization. The ideal breeding objective should
comprise all traits which influence returns and costs, regardless of whether they can be measured or changed by selection (Gjedrem 1972; James 1982; Ponzoni 1982; Barlow
1987; Ponzoni and Newman 1989). However, in practice the
objective often only includes traits with reliable information
and under genetic control (Borralho et al. 1993). Although
in theory developing the breeding objective is the first step
necessary to establish a breeding programme, this step has
usually been postponed in tree breeding for several reasons:
(i) complexity of the forest processing industry; (ii) heterogeneity of wood properties, which make it difficult to ascertain relationships between wood properties and final quantity
and quality of products; and (iii) a perception of breeding
objectives research being of low priority.
While there have been previous attempts to value the contribution of tree breeding to industry profit (e.g., Löfgren
1988), Borralho et al. (1993) were the first to present a formal derivation of breeding objectives in forestry, using pulp
production of Eucalyptus globulus Labill. in Portugal as an
example. Greaves and Borralho (1996) and Greaves et al.
(1997a) extended the model with a more complete description of the pulping system of eucalypts in Australia, while
Chambers et al. (1997) presented a breeding objective for
thermomechanical pulping and newsprint production of radiata
pine (Pinus radiata D. Don). Lowe et al. (1999) applied the
general methodology of Borralho et al. (1993) to kraft and
mechanical pulping of loblolly pine (Pinus taeda L.) in United
States. All these models considered a cost-minimization perspective. Shelbourne (1997) emphasized the need to breed for
added value to the end-product traits of radiata pine. Shelbourne et al. (1997) presented a comprehensive list of potentially important traits for different end products of radiata
pine. These traits might change both quantity and quality of
end products or alter costs or incomes from industrial processes. Greaves (1999) developed the first objective considering sawn timber and accounting for quality of the product,
expressed by structural grade.

The definition of a breeding objective requires study of
the economic system that makes use of the trees available
for breeding. The forest industry comprises several tiers (e.g.,
production forests, sawmills, pulp mills), and different products may have different requirements. Thus, the economic
values are specific to the industry structure, and the nature of
costs and incomes (e.g., see Groen (1989) in an animal
breeding context). At this stage it is necessary to define who
benefits from the breeding program, because depending on
the answer the objectives may differ (see Amer and Fox
(1992) for a discussion). It is also necessary to define what
are the restrictions (e.g., capital), if any, faced by the investors to define the profit criterion used in the breeding objective. With no restrictions, net present value per hectare may
be an appropriate criterion; however, in the presence of capital constraints maximizing the ratio of profit per unit of cost
invested per hectare (profitability index) may be more appropriate (Allen 1991).
Radiata pine is the main plantation species in Chile, generating more than 90% of the income from the forestry sector. Breeding of radiata pine in Chile started in the early
1980s, with the establishment of a university–industry cooperative program to serve the needs of a diversity of industrial
processes. The objective of the research reported in this paper is to develop simple breeding objectives to maximize
profit of a generic vertically integrated industry, comprising
a production forest, a sawmill, and a pulp mill. Hence, the
objective explicitly considers the value of end products rather
than assessing production values from a fixed return for raw
materials. Three silvicultural regimes appropriate to sites of
varying quality (pulp, intermediate, and intensive) are considered, to represent part of the diversity of cost–income
structure of the Chilean situation. Finally, we determine the
compatibility of the breeding objectives for simultaneous application in a breeding program.

Methods
Traits in the objective
Two traits are considered in the breeding objective: harvestable
volume (m3/ha) and average wood density (kg/m3), both expressed
at rotation age (years). The choice of traits is based on their influence on profit, already demonstrated in previous studies (e.g.,
© 2001 NRC Canada
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Table 1. Description of the silvicultural regimes.
Silvicultural regime
Descriptor
a

Site index (m)
Rotation (years)
Initial stocking (stems/ha)
Thinning to waste at age 5 (residual stems/ha)
Production thinning at age 12 (residual stems/ha)
Prunings (ages)

Pulp

Intermediate

Intensive

22
18
1600
800
—
—

25
22
1400
700
400
—

30
26
1100
800
400
5, 6, 7

a

Average height of tallest 100 trees per hectare at age 20 years.

Borralho et al. 1993; Greaves 1999), the possibility of constructing
sensible relationships between forest and end products (using either the objective traits or variables derived from them) and on the
intent of keeping the breeding objective as simple as possible. A
given volume per hectare was described as a function of basal area
(m2/ha), top height (m), and stocking rate (trees/ha), accounting for
individual variation of the trees that populate 1 ha of forest.

Production system
A vertically integrated production system was modelled, which
included tree growing, harvesting, and processing in a sawmill and
pulp mill (Fig. 1) and considered three silvicultural regimes according to site quality expressed as site index (SI). Low-quality
sites (SI = 22) were managed with a pulp regime, medium-quality
sites (SI = 25) with an intermediate regime, and high-quality sites
(SI = 30) were under an intensive silvicultural regime. Table 1 provides a description of the characteristics of each regime.

Growth model
A stand model based on a system of differential equations as described by García (1984, 1994, 1999) was used to model the production forest tier and provided expected values for basal area, top
height, and stocking rate. Average wood density was modelled using
a quadratic model described by Tian et al. (1995). Random sampling
procedures were used to simulate the individual stems that contribute to the population of stems. Diameters of individual trees were
generated from stand parameters using a Weibull distribution, the
parameters of which were obtained using a simplified method of
moments (García 1981). Total tree height was obtained using an exponential height–diameter function, and wood density was derived

VOLlog =

using a normal distribution. Each silvicultural regime was simulated
100 times to explore the variability of results produced when generating individual trees using stochastic distributions.

Log generation
Trees were “cut” using three common log specifications based
on length and small-end diameter (2.44 m, 10 cm; 3.60 m, 15 cm;
and 4.00 m, 20 cm, respectively). Each stem was represented by
three parameters: diameter at breast height, total height, and wood
density at breast height. The stem is compared with the largest log
specification, if the remaining length and small-end diameter, calculated through a taper function, exceeds the log specifications the
tree is cut. Otherwise, the model tries to fit the second largest log
specification and so on, until the remainder of the tree is too small
for any specification and is considered waste. This algorithm is a
simplified version of that suggested by Goulding and Shirley
(1979). An average wood density was assigned to each log using a
parabolic function of height and wood density at breast height
based on the model by Tian et al. (1995).

Log processing
Logs of 2.44 m are used only for pulping. The mass of pulp for
each log (TONpulp) was calculated as

TONpulp = VOLlog × DENlog × PYlog
where volume of log calculation (VOLlog in m3) is obtained from
the large-end diameter (LEDlog in cm), small-end diameter (SEDlog
in cm), and length (LENlog in m) of the log and pulp yield (PYlog
as proportion) using a function of basic wood density (DENlog) approximated from data in Evans et al. (1999):

2
2
π × LENlog × (LEDlog
+ LEDlog × SEDlog + SEDlog
)

120 000

PYlog = 0.374 62 + 0.000 24 × DENlog
The same function of yield is used for chips produced by the
sawmill. Logs larger than 2.44 m are used in the sawmill, where
the volume of timber is estimated as

VOLtimber =

2
LENlog × SEDlog

20 000

In light framing construction, one of the main uses of radiata
pine, stiffness (expressed as modulus of elasticity) is the most important property of the timber. Stiffness is closely related to wood
density (Cown 1992). Modulus of elasticity of timber (MOEtimber

in GPa) was estimated as a function of basic density (Bier 1985)
and subsequently the grade of structural timber was obtained as a
function of modulus of elasticity:

MOEtimber = –3.66 + 0.027 × DENlog
For logs 3.6 m long the volume of structural timber was

VOLstruc = VOLtimber
In the case of 4 m long logs the proportion of timber that is
clear wood is calculated using a second-degree polynomial function based on data from Table 15 of Cown (1992), assuming a 20cm diameter over stump (DOS):
© 2001 NRC Canada
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Table 2. Cost structure for the silvicultural regimes.
Pulp

Intermediate

Intensive

Item

US$

Years

US$

Years

US$

Years

Cost of the land (per ha)
Preparation (per ha)
Establishment (per ha)
Weeding (per ha)
Administration (per ha)
Waste thinning (per ha)
Production thinning (per ha)
First pruning (per ha)
Second pruning (per ha)
Third pruning (per ha)
Roading (per ha)
Harvest cost (per m3)
Transportation cost (per m3)

640
70
180
50
30
60
—
—
—
—
105a
7b
6b,c

–1
–1
0
1
Annual
5
—
—
—
—

750
70
170
50
30
50
16
—
—
—

–1
–1
0
1
Annual
5
12
—
—
—

900
70
160
50
30
50
16
90
60
56

–1
–1
0
1
Annual
5
12
5
6
7

a
Roads are established for the first production intervention, i.e., final harvest (pulp) or production thinning
(intermediate and intensive). See Table 1 for years.
b
These costs are applied for thinnings and final harvest and apply to all regimes.
c
These costs assume an average hauling distance of 120 km.

VOLclear = VOLtimber × PROPclear
VOLstruc = VOLtimber × (1 – PROPclear)
PROPclear = –0.633 09 + 0.042 5 × SEDlog – 0.000 32 × SED2log
Ninety percent of the difference between volume of the log and volume of timber is considered to be chips, while the residual is considered to be losses in the process (e.g., sawdust):

VOLchips = (VOLlog – VOLtimber) × 0.9
Cost–income structure
Discounted income (I) of the production system was derived from selling timber (structural and (or) clear) and chemical pulp:
r

I =

∑ (INCOME struc

k =−1

k

+ INCOME clear k + INCOME pulpk )λk

where r is rotation age, λ = 1/(1 + α), and α is the discount rate (cost of capital) expressed as proportion.

INCOME struc k = VOLstruc k × PRICE struc
INCOME clear k = VOLclear k × PRICE clear
INCOME pulpk = TONpulpk × PRICE pulp
Discounted cost (C) includes contributions from growing the forest, delivering the wood (roading, harvesting, and transportation), and
processing the logs. We assume there is no payment for raw materials between the processing and forest growing tiers (i.e., no transfer
cost). Growth and delivery costs are summarized in Table 2. Hence:
r

C =

∑ (COSTgrowing

k =−1

k

+ COSTdeliveryk + COSTprocessing k ) λk

where

COSTgrowing k = COSTestabk + COSTadmin k + COSTintervk
COSTestab k considers cost of the land, preparation, planting, and weeding; COSTadmin k are the annual administration costs; and COSTinterv k
includes the costs of thinning to waste and prunings.

COSTdeliveryk = COSTroading k + (VOLpulplogsk + VOLsawlogsk ) × (COSTharvest + COSTtransport )
where COSTroading k > 0 only for the first production intervention.

COSTprocessing k = (VOLpulplogs k + VOLchips k ) × COSTpulping + VOLsawlogsk × COSTsawing
where pulplogs include all 2.44-m logs, and sawlogs include all 3.6-m and 4-m logs. The costs of processing a cubic metre of green wood
in the sawmill and pulp mill (COSTsawing and COSTpulping, respectively) were considered constant.
© 2001 NRC Canada

I:\cjfr\cjfr31\cjfr-04\X00-200.vp
Monday, April 09, 2001 1:48:36 PM

Color profile: Disabled
Composite Default screen

658

Can. J. For. Res. Vol. 31, 2001
Table 3. Average wood and end-product flow per hectare for the production system under three
silvicultural regimes.

Products
3

Pulplogs (m )
Sawlogs (m3)
Structural (m3)a
Clear wood (m3)a
Chips (m3)
Bleached pulp (t)a

Pulp

Intermediate

Age 18

Age 12

Age 22

Intensive
Age 12

Age 26

332.0
—
—
—
—
63.3

42.3
—
—
—
—
7.4

72.3
336.9
184.2
—
137.5
39.3

119.3
—
—
—
—
20.8

65.5
609.2
219.7
123.1
239.8
66.5

a

End products.

Discounted profit (P) or net present value is the difference between the discounted incomes and costs:

references cited therein). Thus, additive genetic (G) and phenotypic (P) covariance matrices are

 350
G=
 −141

P = I – C
Economic values
Economics values were obtained from an incremental economic
evaluation, where the value of a marginal increase of a trait was the
difference between the actual cash flow and the base cash flow,
i.e., with no increase on the trait (Allen 1991):

EVALUE =

P∆ − Pbase
TRAIT∆ − TRAIT base

To simulate the increase in stand volume and average wood density rotations were extended between 1 and 2 years (depending on
the silvicultural regime) to obtain stand parameters reflecting an
increase of 10% on the traits. In this way, changes to basal area,
stocking, and top height are accounted for. A 10% change in the
traits was used, because smaller changes are more difficult to reliably quantify in the model.
The prices of the end products were structural timber, US$175/m3;
clear wood, US$350/m3; and bleached pulp, US$430/t. The sum of
financial and operational costs (excluding cost of logs) for processing 1 m3 of green wood were US$35 in the pulp mill and US$45 in
the sawmill. Discounted profit was calculated using a 10% (α =
0.1) discount rate.

Response to selection
The response per generation in the objective H (∆GH) when selecting on index I is (Van Vleck et al. 1987):

∆GH = irIHσH
where i is the selection intensity, rIH is the correlation between the
index and the objective (accuracy of prediction), and σH is the
standard deviation of the objective. Correlated response in objective H1 (∆cGH 1 ) to selection for objective H2 is calculated as

∆ cGH1 = bH1 H2 ∆GH2
where bH 1H 2 is the regression of H1 on H2. If both objectives have
equal variance, this expression reduces to (see Appendix):

∆ cGH1 = rH1 H2 ∆GH2
where rH 1H 2 is the genetic correlation between objectives H1 and
H2. If the variances of the objectives are not equal the correlated
response is only proportional to rH 1H 2 .
The following “consensus” parameters are assumed: heritability
for volume is 0.2, heritability for wood density is 0.6, and the genetic and phenotypic correlations between the traits are –0.3 and –0.1,
respectively (e.g., see Burdon and Low 1992; Shelbourne 1997 and

−141

630

and

1750
P=
 −135.55

−135.55

1050 

It is necessary to point out that genetic parameters involving
wood properties have often been estimated with small sample sizes
and (or) inappropriate sampling schemes (see Apiolaza et al.
1999), and therefore, they are not completely reliable.

Results and discussion
Wood flow and cost–income structure
Table 3 presents the average wood and end-product flow
for 100 simulations of the base scenario for the silvicultural
regimes. Total volume of logs (including production thinnings
and final harvest) were 332.0, 451.5, and 794.0 m3/ha for
pulp, intermediate, and intensive regimes, respectively. Wood
densities at harvest age were 405, 404, and 409 kg/m3, respectively, reflecting differences in site quality (measured as
site index) and rotation age.
The recovery rate for the sawmill (expressed as the ratio
(structural volume + clear volume)/ sawlogs volume) is 0.55
for intermediate and 0.56 for intensive regimes. Green wood
requirements to produce a tonne of bleached pulp ((pulplogs +
chips)/bleached pulp) were, on average, 5.2, 5.4, and 4.9 m3
for pulp, intermediate, and intensive regimes, respectively,
showing the effect of age and site quality on basic wood
density and, consequently, on pulp yield.
For the base scenario, as a proportion of total discounted
costs, growing costs range between 24 (intensive) and 32%
(pulp), delivery costs between 16 (intermediate) and 19%
(pulp), and processing costs (pulping + sawing) between 49
(pulp) and 59% (intensive) (Table 4). In general, better sites
and silviculture result in a shift in costs, as a percentage, towards the processing end. Concerning incomes, both the intermediate and intensive regimes were characterized by 60%
in the sawmill and the remainder in the pulp mill (Table 4).
Increasing volume or density within a silvicultural regime
did not noticeably change (more than 1%) the percentage
cost structure reported in Table 4, but the percentages of income coming from pulp mill and sawmill were altered. In
© 2001 NRC Canada
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Table 4. Discounted cost and income structure expressed as
percentage of total discounted costs and incomes for the base
scenarios.
Silvicultural regime
Item
Costs
Growing
Deliverya
Pulping
Sawing
Incomes
Pulpingb
Sawing

Pulp

Intermediate

Intensive

32
19
49
—

27
16
25
32

24
17
30
29

100
—

44
56

42
58

a

Includes production thinnings, final harvest, roading, and transportation.
Includes processing pulplogs and chips from sawlogs.

b

the intermediate regime sawing income starts at 56% for the
base case and moves to 58% for the 10% volume increase
(VOL∆) and to 53% for the 10% density increase (DEN∆).
The percentages for the intensive regime move from 58%
(base) to 61% (VOL∆) and to 55% (DEN∆).
The base models for all regimes were profitable (Table 5),
with discounted profit per hectare (including forest, pulp
mill and sawmill) ranging from US$659.06 (pulp) to
US$4289.70 (intensive). The increase of harvested volume
(due to higher site index and longer rotation) as well as the
introduction of high value products (clear wood) justifies the
difference in profit between pulp and more intensive regimes. Table 5 shows the change of profit by increasing -10%
final harvest volume (34, 33, and 71 m3/ha) and wood density (40.5, 40.4, and 40.9 kg/m3) of the pulp, intermediate,
and intensive regimes, respectively. Percentage profit increase
due to volume ranges between 18 (intermediate) and 32%
(pulp), while the increase caused by density ranges between
14 (intensive) and 92% (pulp).
Economic values for each trait–regime combination (V,
extra profit per unit increase) are presented in Table 5. The
largest economic effect of increasing volume is in the intensive regime (11.94), reflecting the associated log size increase,
improving sawmill recovery, and quantity of structural and
clear wood. Increasing density is more valuable in the pulp
regime (14.90), because it directly improves the efficiency of
pulp production. Thus, the breeding objectives were as follows: 6.26vol + 14.90den for pulp, 8.28vol + 9.42den for intermediate, and 11.94vol + 14.70den for the intensive regime,
where vol and den are the breeding values for volume and
density, respectively. Standard errors for the estimates of
economic values, obtained from 100 simulations, are small
and show more variability for volume than for density. The
similarities of economic values were more clearly interpreted
when using relative weights. Relative economic weights for
volume and density were 1:2.4, 1:1.1, and 1:1.2 for pulp, intermediate, and intensive regimes, respectively.
Multiple objectives
The existence of several production conditions (e.g., silvicultural regimes) and economic circumstances (e.g., future
end-product prices) creates sets of economic values for the
traits under breeding. As a result, breeders face the decision

of keeping a single breeding population with a unique
objective (either the objective for a specific condition or an
average objective) or splitting the population and breeding
for different objectives (Del Bosque González and
Kinghorn 1990; Howarth et al. 1997; Howarth and Goddard
1998). The convenience of each option depends, among
other factors, on the correlation between the breeding values.
Correlations between breeding objectives are very high,
with values of 0.94 for pulp–intermediate, 0.96 for pulp–
intensive, and 0.99 for intermediate–intensive regimes. The
variances of the breeding objectives were 127 278.9,
57 904.1, and 136 537.9 for the pulp, intermediate, and intensive regimes, respectively. Because the variances are different it is considered that correlated response is only
proportional to the correlation between objectives. The objectives for intermediate and intensive regimes are almost
identical in the sense of ranking, although the economic values are different such the investment decisions may vary
with regimes. Although splitting the breeding population in
specialist “breeds” would maximize individual response for
each objective, this would simultaneously increase the
breeding work and costs and reduce overall selection intensity. As an illustration, considering 600 plus trees with 30
progeny each, selection of top 200 for the next generation
implies a selection intensity (i) of 2.634 (200 of 18 000) for
a single population, while the intensity is 2.231 (200 of
6000) when the population is split in three specialist
“breeds” (Falconer and Mackay 1996). The economic values
for an “average” breeding objective (see Appendix) are 8.83
and 13.01 ((v1 + v2 + v3)/3), i.e., the economic weights are
1:1.5. Direct responses to selection using specialist “breeds”
are US$589, US$349, and US$544 for pulp, intermediate,
and intensive regimes, respectively, while direct response to
selection on the average objective is US$579. Correlated response (see Appendix) on breeding objective for pulp, intermediate, and intensive regimes to selection based on an
average index will result in 1.10, 0.75 and 1.15 units, respectively, of aggregate genotype per unit of response on the average objective. Considering these results and assuming
other conditions identical, i.e., same selection criteria and
generation interval, the firm is better off keeping a single
breeding population.

Final remarks
The profit in the production system may be utilized to determine the most appropriate payment system for raw materials, as well as to calculate the profit of the different tiers of
the firm. There is a large degree of uncertainty in the cost–
income structure of the generic firm, especially concerning
future end-product prices. One option to tackle this problem
is to change the discount rate used in the economic evaluation. Alternative approaches are to include the error probability distribution of the parameters estimated with uncertainty
in the estimation of selection indices (Amer and Hofer 1994),
or to run alternative realistic scenarios. Another problem is
that part of the economic value of a trait can result from
changes in the operation of the firm; thus, operations of the
firm must be optimized accordingly to reflect those changes
(Amer et al. 1994).
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Table 5. Discounted cash flow for the base, 10% volume increase (VOL∆), and 10% density increase cases
(DEN∆), where P is discounted profit and V is the economic value for a unit increase of volume (1 m3) and
wood density (1 kg/m3).
Pulp

Intermediate

Intensive

Model

P

V

P

V

P

V

Base
VOL∆
DEN∆

659.06
871.98
1262.34

—
6.26 (0.09)
14.90 (0.06)

1549.37
1822.57
1929.94

—
8.28 (0.12)
9.42 (0.01)

4289.70
5137.58
4890.91

—
11.94 (0.15)
14.70 (0.22)

Note: Standard errors for V obtained from 100 simulations are shown in parentheses.

The breeding objectives modelled in this paper considered
only two traits, currently included in the breeding strategy.
There are several other traits with potential economic effect
on the production system (e.g., Shelbourne et al. 1997). For
example, in sawmills, recovery rate is affected by log sweep
and taper (Brown and Miller 1975; Kellogg and Warren
1984). Mechanical performance of lumber (measured as stiffness and strength) is related to wood density, internode index
and branch index (Cown 1992). Dimensional stability of
planks depends on spiral grain. Lignin and cellulose content
affect the yield of kraft pulp production, while the quality of
pulp and paper is related to tracheid dimensions (Kibblewhite
et al. 1996). Moreover, there are other end products and industrial processes (e.g., paper, fiberboards, veneers, carbon
sequestration) that should be implemented in the model. Biological traits for some of these products have been listed
elsewhere (Shelbourne et al. 1997). Once additional processing information is available to the breeder it is feasible to include additional traits in the objectives.
The calculation of economic values presented in this paper relies on the linearity of profit increase with changes on
volume and density. This is not necessarily the case, as
shown by Greaves et al. (1997b) in eucalypts. Some traits
are inherently nonlinear, like those based on threshold values
(e.g., spiral grain or grades for structural wood) where improvement of the trait has value only when reaching a given
threshold (e.g., Colleau and Le Bihan-Duval 1995). There is
a considerable body of research concerning selection on nonlinear breeding objectives (e.g., Goddard 1983; Itoh and
Yamada 1988; Burdon 1990) with varying conclusions concerning the importance of nonlinearity. The relevance of nonlinearity to practical selection and breeding programs is an
issue that will need to be explored in detail.
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Appendix
Some results on breeding objectives
Correlation between breeding objectives
The correlation between two objectives H1 and H2 ( rH1 H2 )
is calculated as
rH1 H2 =

Cov(H1, H2 )
Var(H1) Var(H2 )

Variance and covariances of linear expressions are quadratic forms represented as a covariance matrix pre- and
post-multiplied by a vector (Searle 1982, p. 73). Hence:
rH1 H2 = v1′ Gv2 (v1′ Gv1)− 0. 5 (v2′ Gv2 )− 0. 5
© 2001 NRC Canada

I:\cjfr\cjfr31\cjfr-04\X00-200.vp
Monday, April 09, 2001 1:48:38 PM

Color profile: Disabled
Composite Default screen

662

Can. J. For. Res. Vol. 31, 2001

Correlated response
Correlated response in breeding objective 1 (H1) when selection is based on an index derived to maximize response
on breeding objective 2 (H2) can be calculated using the regression of H1 on H2 (bH1 H2 ):
∆ cGH1 = bH1 H2 ∆GH2

∆cGi = iv′gQ vi(v′gQ vg ) − 0. 5

= v1′ Gv2 (v2′ Gv2 )−1 ∆GH2
Assuming that Var(H1) = Var(H2), correlated response can
be calculated as

=

Cov(H1, H2 )
∆GH2
Var(H2 )
Cov(H1, H2 )
Var(H1) Var(H2 )

∆cGi = ic ′gGvi(c ′g Pc g ) − 0. 5
= iv′gGP−1Gvi(vg′ GP −1Gvg )− 0. 5
and considering Q = GP–1G then

Cov(H1, H2 )
=
∆GH2
Var(H2 )

∆cGH1 =

where ∆cGi is the correlated response of breeding objective i
when selecting for a generic breeding objective. Correlated
response is calculated as

The vector vg should be calculated to minimize the difference between the total genetic gain produced by a generic
breeding program and that obtained using several breeding
programs or, the same result, maximize the total gain of the
common breeding objective (T∆Gg):
max T∆Gg = w1∆cG1 + w2∆cG2 + … + wt∆cGt
or equivalent expressions:
max T∆Gg = Σ [w i i v′gQ vi (v′gQ vg ) − 0. 5 ]

Var(H1)
Var(H2 )

∆GH2

= rH1 H2 ∆GH2
which shows the relationship of response to the correlation
between the objectives.
Average breeding objective
For each production condition or economic circumstance
i, there is a breeding objective Hi = v′i a and selection index
coefficients ci = P–1Gvi, with predicted genetic gain ∆Gi.
However, it might be possible to have only one generic
breeding program, producing material for all sets of production and economic circumstances. The generic breeding
objective is Hg = v′g a and selection index coefficients cg =
P–1Gvg, with predicted genetic gain ∆Gg.
Considering t different breeding programs total gain using
specialist breeding objectives is given by
T∆G = w1∆G1 + w2∆G2 + … + wt∆Gt
where wi is a weight that includes the relative economic importance of the process and (or) the plausibility of the economic circumstance. On the other hand, the total gain for
using a generic breeding program is given by
T∆Gg = w1∆cG1 + w2∆cG2 + … + wt∆cGt

max T∆Gg = iv′gQ Σ [w i vi ](v′gQ vg ) − 0. 5
Differentiating T∆Gg and setting the system of equations
equal to 0:
δ T∆Gg
δvg

= iQ Σ [w i vi ](v′gQ vg ) − 0. 5
+ iv′g Q Σ [w i vi ]− 0. 5(v′gQ vg ) −1. 5 2 Qvg = 0

i [Q Σ [w i vi ](v′gQ vg ) − 0.5
− v′gQ Σ [w i vi ](v′gQvg ) −1. 5 Qvg ] = 0
Q Σ [w i vi ](v′gQvg ) − 0.5 = vg′ Q Σ [w ivi ](v′gQvg ) −1. 5 Q vg
Q Σ [w i vi ] = v′gQ Σ [w i vi ] Q vg (v′g Q vg ) −1
but v′gQ Σ [w i vi ] and (v′g Qvg ) −1 are scalars; thus, the solutions are proportional to their product (k), and Q is full rank
so Q–1 exists.
vg = k Σ[wivi]
Therefore, vg is proportional to the weighted sum of vectors vi (e.g., the weighted average). If all production conditions or economic circumstances are equally important, vg is
equal to the arithmetic mean of the vi.
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