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Figure 5. — The relationship of regression coefficients and mean

performance for volume of loblolly pine families.

If there is genetic variation in stability and performance
among families, tree breeders have the opportunity to
select for different stabilities under different environ-
mental conditions and determine the optimum genotypes
and management systems for each environmental condi-
tion. For example, families in'the Responsive High Yield
group have greater specificity of adaptability to high
quality environments and should respond well to inten-
sive silvicultural practices. Although there were few of
these families found in this study, it would be most valu-
able to use these families such as 07056 on high site index
lands to maximize yield and to obtain the best use of
genetically improved stock. If forests are being established
on less favorable sites or over a large range of average
sites, families in Responsive High Yield group or in the
Average Stability group with above average performance
would be very productive genotypes. The Average Stability
group has general stability and adaptability to all envi-
ronments.

Conclusion

The strong trend in this study for selected loblolly pine
families to have average stability and perform in a predict-
able manner over a wide range of sites is very valuable
information for tree breeders. Significant G X E inter-
action in the analyses of variance was contributed by very
few families for height, DBH, volume and percent rust-
free trees in the study. An important implication to the
breeding program is that families usually need not be test-
ed over environmental extremes to determine breeding
values. With few exceptions, a family’s performance on

good sites was highly correlated with its performance on
poor sites. It may be valuable to test over environmental
extremes to identify the few Responsive High Yield fami-
lies which should be used to increase forest productivity
on intensively managed sites.
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Abstract

A model of a complete cycle of tree improvement is
proposed that combines in the equivalent annual rent
(E.A.R.), both genetic and economic factors affecting tree
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improvement strategies. The model is used to study the ef-
fect of the mutual interactions of various technical and
management alternatives on the economic response for
any pattern of genetic variability. The E.A.R. is used to
determine the efficiency of tree improvement strategies
and as a mesure for optimization.

The effects of level of seed yield in the seed orchard,
size of the land base, length of the rotation of forest plan-
tations, and techniques of breeding on selection alternatives
are examined.

Key words: Tree breeding strategy, modelling, simulation, econo-
mics.

Zusammenfassung

Ein Modell eines kompletten Zyklus zur Verbesserung
von Baumeigenschaften wird vorgeschlagen, das die fiir
die Strategie der Baumeigenschaftsverbesserungen wich-
tigen genetischen und Okonomischen Faktoren in der
’Equivalent Annual Rent’ (E.A.R.) kombiniert.

Dieses Modell wird benutzt, um unabhingig des Musters
der genetischen Variabilitidt die Wirkung der gegenseitigen
Beeinflussung der verschiedenen technischen und verwal-
tungsméBigen Alternativen auf die Wirtschaftlichkeit zu
untersuchen.

Das E.A.R. wird fiir die Bestimmung der Wirksamkeit
der Baumverbesserungsstrategie und als MaB fiir die Opti-
mierung angewendet.

Die Einfliisse der Ausbeute an Saatgut in der Samen-
plantage, der GroBe der Waldflidche, der Linge der Wech-
selwirtschaft der Forstplantage und der Ziichtungstechni-
ken auf die Selektionsalternativen werden betrachtet.

I. Introduction

Recent progress in breeding and selection techniques
offer tree breeders alternative genetic and investment
strategies. The value of early seed production and testing
depends on the magnitude of the realized genetic gain and
the costs incurred from the time of investment to final
harvest of the improved forests. Investments in early seed
production can accelerate plantation establishment with
improved seed and, if combined with early testing, can
reduce the carrying cost of both seed production and test-
ing cost. On the other hand, if genetic correlations be-
tween juvenile and mature tree performance are low,
plantation harvest value will be low.

An analytical method is needed to evaluate the invest-
ment in breeding alternatives which include the time and
intensity of selection as functions of genetic parameters

Selection

and of the effects of accelerated breeding techniques.
Studies on the economics of genetic improvement strate;ies
are rare and have used in either oversimplified economic
value functions in genetic problems (Namkoong, 1970) or
in simple genelic options in economic analyses (PORTER-
FieLD, 1973). In this paper we attempt to introduce moder-
ate complexity into the economic analysis of a complete
tree improvem‘ent cycle which includes alternative selec-
tion and breeding schedules. We first describe the model
and then examine specific alternatives for selection age
and intensity. In particular, we examine the effect that
economic variables such as interest rate, land base, seed
production rates, rotation length, and breeding techniques
have on choices of selection intensity and on the value of
juvenile selection.

II. The model

We consider only tree improvement programs in which
seed orchards are established from clones selected after
progeny tests are conducted using parents selected from
the previous generation. The progeny tests serve two func-
tions. In addition to providing data on family performance,
the individual seedlings which are selected are the ortets
which are used to produce seed orchard ramets and are the
parents for the next generation. We assume that it may
take a few years for the seed orchard to produce commer-
cial quantities of seed, but that mating among selected
ortets can be started immediately and a new cycle of test-
ing started with these seedlings. The seed orchard of the
initial cycle is assumed to be used until the next cycle’s
seed orchard begins producing commercial quantities of
seed.

Investments in various phases of the operation carry dif-
ferent costs and expected gains from either improving gain
or shortening the breeding cycle or both. The return on
investment occurs from the harvest time of plantations
from the first seed orchard production year, to the harvest
of the last plantation from that cycle’s orchard seed. The
general plan of improvement tested in this study follows
the North Carolina State University-Industry Cooperative
Pine Breeding program which also supplied the data used
in our analysis on costs, seed production, and the times
required for the various operational phases. A complete
cycle is diagrammed in Figure 1.

In Figure 2, we diagram some options which exist for
shortening the breeding cycle. In option A, breeding (B) is

Commercial plantation

—

Harvest

|

Breeding Testing S.0. establishment

1
: Mating
|
1
]
1

turn-over

Seed Orchard life

- ---

¢ $.0. production :
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Second cycle

F~===memm——

cycle length

S.0. = Seed Orchard

Figure 1. — Schematic representation of a complete cycle of Tree Improvement.
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Figure 2. — Examples of four tree improvement strategies combining various options of

breeding methods and selection processes (T.B.O. traditional breeding orchard, ABO
accelerated breeding orchard, M = mating, B = breeding, T = Testing, S = selection, S.O.
seed orchard and C. P. = forest plantations).

([

done in field orchard (T.B.O.: 'Traditional Breeding Or-
chard’) and is completed after 12 years. Testing (T) of the
progeny is then conducted and is followed by a single
stage early selection (S) at 8 years. The selected material is
grafted in the commercial seed orchard (S.0.) and in the
breeding orchard of the next generation After an establish-
ment period (10 years), the seed orchard starts producing
seed and forest plantations (C.P.) can be established. Option
B is similar to option A for the testing and selection phases
but differs in the technique of breeding: Accelerated Breed-
ing (A.B.O.) is used. The orchard is established in a green-
house facility and trees are submitted to various flower and
seed production stimulation techniques. Breeding can be
completed after only 7 years. Options C and D are similar
tc A and B options respectively but depart from them in
that a two-step selection is performed. The material select-
ed in S1 is grafted in both the seed orchard and the breed-

(1

.-
&

+

)n

K with

( 1 +r )n=-1
The equivalent annual values of gains and costs were

E.A.R. with

was used as a single base of comparison. As the input and
output refer to different management units (breeding or-
chard, tests, seed orchard, forest plantation, etc.), it was
necessary to reduce the previous values to a common spa-

Kx P.N.W

§Gu/1,2 = Bi. 6G1 + B2. 6G2

correlated genetic gain at mature age
after selection at juvenile stages 1 or 2;

where 0G0

and

6Gm/1,2 i1 .rxz + iz .[(ryz

- Irxy

ing orchard and is rogued (S2) some years later. Between
options A and D for example, a time advantage of some 22
years in the reduction of the cycle length and of 11 years
in the fastening of the turn-over of the generation is
clearly depicted in Figure 2.

The analytical approach consists of the decomposition of
complete tree improvement strategies into their various
phases of breeding, testing, selection, seed orchard estab-
lishment and production, and commercial forest planta-
tions, and the evaluation of the economic input and output
at each level. We reduce these costs and gains to their
present values at the time of the beginning of the cycle.

Since the options diagrammed in Figure 2 change the
length of the breeding cycle and of the turn-over of the
generations, economic values are better compared on the
basis of a unit time. We therefore multiplied the present
value by a depreciation factor K equal to:

discount rate (1)

cycle length

r
n

obtained and the equivalent annual rent:

P.N.W (2)

tial base of comparison, arbitrarily chosen as an acre of
commercial forest plantation.

To estimate genetic gains we used the CorreriLL and
James (1981) approximation, derived from Tavrus (1961):

present net worth

(3)
B; = partial regression coefficient between
breeding values at stages i and M;
0G; = partial gain due to selection at stage i

.rxz.H)/(1-r2xy.H)1/2)]

(4)
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where i, i,
Ixz, Txys Tyz

= selection differential at stages 1 and 2;

= phenotypic correlations between traits at
ages X, Y, Z;

H =1 G-x)

Equation 4 can be rewritten for stepwise selections gain
analysis when the second stage selects only from the mate-
rials remaining from the first stage as:

(5)

6Gmu/1,2 [is.hi.hn.r1-u + 12.K). 0p
hz.hM.rz2-4 - h2i.hz.hy.r1-n.r1-2.H
with K =
(1-h2;.h2%2.r25-2.H)1/2
where h,, h,, hyy = square root of heritability at stages 1, 1,2, and M =

2, and M;
Iy, Ty_y, Ta_y = genetic regression coefficients;
1;, i, = selection differentials;
0, = phenotypic standard deviation at ma-
ture age (M);
i; . hs hn

6Gus3 = ry-m

The parameters have the same meaning as above but refer
to J, the unique juvenile stage of selection and M, the
mature stage.

Several matrices of genetic parameters (heritabilities,
genetic correlations between ages of selection, and pheno-
typic variances at mature age) were constructed. Those of
interest for this study are given in Table 1. The results
were expressed for i = 4 when single-step selection was
tested and for selection intensities (i;) ranging from 0.8 to
3.6 when two-step selection was performed. The final pro-
portion selected, p, was chosen equal to 1:10,000.

Gains were determined for a single trait, height, and with
the assumption that improvement in height can be viewed
as an apparent increase in site index (LunpcrenN and KiNg,
1965), conversion of height gains in terms of volume gains
was done using HarLey et al. (1982) yield models and stock
tables. This information together with the market stump-
age prices is used for the computation of the total economic
gain over time and space and its equivalent annual value.

Stumpage prices and costs used in this study represent
average conditions for pine improvement programs in the
southeastern United States of America. They are described
in detail by Paques (1984).

III. Results

Tree improvement activities and parameters can be seen
as acting in three main ways:

a. alteration of the cycle length; e.g. rotation length, tech-
niques of breeding, length of the testing period, age of
selection;

b. modification of the level of input (costs); e.g. the size
of the land base, the level of seed production in the
seed orchard, management activities;

. Op

refer to juvenile (1 and 2) and mature
(M) stages of selection.

When single-step selection is performed, formula 4 re-
duces to the general expression of the correlated genetic
gain (FALCONER, 1981; NaNson, 1968):

(6)

c. modification of the level of genetic gains; e.g. number
of steps of selection, age of selection.

Each parameter was analyzed separately by varying its
level while other factors were held constant, to study the
nature and magnitude of its response on the equivalent
annual rent (E.A.R.).

1. Interest rates

Computation of the present net worth and equivalent
annual rent requires the choice of an interest rate, which
affects the time value of money.

The general scheme of the strategy considered is repre-
sented in Figure 1. A fixed land base of 600,000 acres, a
seed orchard yield of 70 lbs/acre/year and a rotation length
of 30 years were used as constant factors. Discount rates of
6%, 8% and 10% were tested. A stumpage rate of increase
of 2% and a rate of increase of forestry practices of 2%
(Moak, 1982, cites figures ranging from 0.70% to 5.14%)
were included in the study.

For the conditions of this study, it appears (Table 2) that
tree improvement strategies tested remain beneficial for
real discount rates as high as 8%;’ which is about the
double of the rate usually cited for governmental projects
in the United States (Row et al., 1981). Secondly, the nature
of the response is not modified with variation of the dis-
count rates, but its magnitude is (Table 3). Therefore, the
other parameters may be studied independently.

The time value of money is also clearly illustrated in
Table 2 where selection at later ages 4 and 6, compared tc
2 years postpones the realization of gains; they are there-
fore discounted over a longer period of time which seriously
reduces their profit.

Table 1. — Matrix of the genetic parameters patterns tested.

Age of selection model A B
(years) rei1-8 TYat-M rei-m H
2. 0.30 0.20 0.20 0.71
4 0.50 0.35 0.21 0.55
6 0.60 0.48 0.23 0.45
8 1.00 0.57 0.27 0.35
M 1.00 1.00 0.22

Tyl genetic correlation between agei and j
H: square root of heritability

104



Table 2. — Equivalent annual rent (after tax) for different levels of interest rates (i) and
selection intensity (model B).

i Selection Selection intensity
age 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6
6% 2-8 0.49 1.40 1.99 2.33 2.51 2.59 2.62 2.62
4-8 0.56 1.29 1.76 2.03 2.17 2.22 2.24 2.24
6-8 0.59 1.19 1.57 1.79 1.90 1.34 1.95 1.95
8% 2-8 -1.50 -0.61 -0.03 0.30 0.46 0.53 0.54 0.56
10% 2-8 -2.09 -1.24 -0.70 -0.39 -0.23 -0.17 -0.15 -0.15
Table 3. — Decrease in equivalent annual rent (§) for an interest rate of 8% compared to
6% (a) and 10% compared to 8% (b). ’
Selection Selection intensity
0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6
model A
2-8 a 2.18 2.18 2.18 2.19 2.18 2.18 2.16 2.13
b 0.66 0.71 0.74 0.74 0.76 0.75 0.74 0.73
4-8 a 1.89 1.93 1.95 1.98 1.99 1.99 1.99 1.97
b 0.51 0.57 0.62 0.63 0.64 0.65 0.64 0.64
6-8 a 1.66 1.72 1.76 1.78 1.80 1.81 1.81 1.80
b 0.39 0.45 0.50 0.53 0.54 0.55 0.55 0.54
model B
2-8 a 2.00 2.01 2.02 2.03 2.05 2.06 2.06 2.06
b 0.58 0.63 0.66 0.69 0.69 0.70 0.71 O0.71
4-8 a 1.71 1.75 1.77 1.79 1.80 1.80 1.81 1.80
b 0.44 0.49 0.5%3 0.55 0.56 0.57 0.57 0.57
6-8 a 1.49 1.53 1.57 1.58 1.60 1.60 1.60 1.60
b 0.32 0.39 0.42 0.46 0.46 0.47 0.47 0.47

2. Land base size

With the same hypothesis as above and a discount rate
of 6%, four land base sizes were tested corresponding to
holdings of 300,000, 600,000, 900,000, and 1,200,000 acres. The
land base size (LB) was considered as the limiting factor.

LB C

J— with C,
P.T.D.N

A decrease of costs of about 5% can be expected when
working with the largest land base compared to the smal-
lest. This low value may seem paradoxical as the largest
base is more than three times the size of the smallest.
However, regardless of the size of the land base, the breed-
ing-testing and selection costs remain the same and can be
considered as fixed costs. They are therefore proportion-
ately much larger for small holdings than for large ones.
But, it is also clear that larger land bases require larger seed
orchards and involve as a consequence, higher costs for
installation and management of the orchard. The larger
size of the orchard somewhat offsets the advantage of the
economy of scale permitted by larger land bases.

The uniformity of the response for the various values
tested (at least for high selection intensities) allows us to
study other factors independently of the size of the land
base, at all but the lowest selection intensities, which in-
volve a very different pattern of distribution of the costs
over time (Table 4).

3. Level of seed production

The level of seed production in seed orchard was also
analyzed as rentability of tree improvement programs was

a safety-margin coefficient

Along with the rotation (T), the seed yield in the seed or-
chard (P), the density of plantation in the commercial forest
plantations (D), and the number of plantable seedlings per
pound of seed (N) it determines the size (S) of the seed or-
chard required to satisfy regeneration needs:

(7)

recognized to be significantly dependent on its volume
(TaBerr et al., 1983). Five levels: 40, 50, 60, 70, and 80
lbs/acre/year were input in the model with the same as-
sumptions as above. It was furthermore assumed for simpli-
city that higher levels.of yield occur by a better choice of
establishment site without any supplementary costs such
as for extra irrigation or fertilization.

Seed yield levels do not change expected genetic gain nor
economic gain/acre, but directly modify the amount of cone
collection and seed extraction costs, and indirectly affects
the size of the seed orchard required (see formula 7).

As indicated in Figure 3, an economy of scale makes
larger crops more profitable as they are associated with
proportionately smaller costs per acre. However, the profit
is not as large as one might expect: the decrease in size of
the seed orchards made possible by heavy crops is some-
what offset by added cost of cone collection and seed ex-
traction.

It has also been observed that the optimum allocation of
selection intensities between the two stages may depend on
the level of the seed yield. Nevertheless, the difference in
response (E.A.R.) was usually so small that the seed produc-
tion effect can be neglected.
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Table 4. — Percentage increase of the equivalent annual rent for increasing land base
size compared to the previous level (model B).

Selection Land base Selection intensity

age (acres) 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6
2-8 600,0002 29.9 6.0 2.9 1.9 1.5 1.4 1.4 1.4
900,000 9.9 1.9 0.9 0.7 0.5 0.4 0.4 0.4

1,200,000 3.6 0.9 0.5 0.3 0.3 0.2 0.2 0.2

4-8 600,000 20.0 5.4 2.8 1.9 1.5 1.4 1.4. 1.4
900,000 6.6 1.7 0.9 0.6 0.6 0.5 0.5 0.4

1,200,000 2.6 0.8 0.5 0.3 0.3 0.2 0.2 0.2

6-8 600,0002 15.3 5.0 2.8 1.9 1.5 1.4 1.4 1.4
900,000 5.1 1.5 0.8 0.6 0.6 0.5 0.4 0.5

1,200,000 2.1 0.8 0.4 0.3 0.2 0.2 0.2 0.2

(a) EAR (600,000)/EAR (300,000).

4. Rotation length

The effect of the rotation length on the economic re-
sponse was tested through two rotation options: 25 years
and 30 years; which are common for loblolly pine in the
Southern part of the U.S.A. It is assumed that the genetic
parameters of the material tested (h2, r, p) are not modi-
fied between age 25 and 30. This is unlikely: young mate-
rial is presumably better correlated to 25 years old material
compared to 30 years. However, this simplification allows
us to study the time effect of the rotation length independ-
ent of the genetic problems.

Shorter rotations obviously reduce the cycle length of
the program as the final wood product is harvested earlier.
Shorter rotations do not however accelerate the turn-over
of the cycle: it does not allow the next cycle of breeding-
testing and selection to be started sooner.

Also, it is significant that apart from the time effect,
modification of the rotation also alters the level of input.
Shorter rotations require larger seed orchard areas to
satisfy regeneration needs, and hence, costs per acre of com-
mercial plantation are significantly increased. In the con-
ditions of this study, profit for the 25 years rotation option
is only 65% of the profit obtained for the 30 years option.
This is a surprisingly strong effect.

Shortening of a tree improvement program cycle by
about 5 years is a priori a good operation: the gains are
realized sooner, and are discounted over a shorter period,
30 that the profit over time is increased. On the other hand,

Sead yield (ib /ac/yesr)

Equivalent amount (S)

this advantage is offset by the reduction of the cost due to
the reduction of the size of the seed orchard, permitted by
longer rotations, but also by the increased value of the
product at the end of the longer rotation: not only is the
total volume larger, but also the volume of more valuable
product.

Under these conditions, it is apparent that the saving of
5 years on the cycle length by shortening of the rotation
is not sufficient to offset the advantages of a longer rota-
tion. Moreover, the rotation option modifies only the
magnitude of the response and not its nature.

5. Accelerated versus traditional breeding orchards

Recent developments in the techniques of stimulating
reproduction in pine (Gresenwoopb, 1983) have given rise to
great interest among tree breeders. These treatments com-
bining physical stresses and growth substances applica-
tion on plants in a greenhouse environment (accelerated
breeding method) should allow a reduction by at least 5 or
6 years of the breeding phase, and therefore of the turn-
over of the generations, compared to field breeding or-
chards (traditional breeding methods). The cycle length
can thereby be shortened by 5 to 6 years. This important
time saving effect was partially discussed by McKEeanp
and Weir (1983); but no cost information was included in
their study.

In addition to the time saving effect, many other para-
meters should be modified: the number of clones, of par-
ent-trees, of ramets/parent; the supplementary costs of

Maximum
equivalent
annual
rent

1 T T T R

0.8 1.2 1.6 2.0

2.4 2.8 3.2 3.6 1

Figure 3. — Equivaleni amounts of cost and gain (in $, after tax) for various leveis
of seed yield.



Table 5. — Increase in profit (in %) due to greenhouse accelerated breeding com

pared to field breeding orchard (two-step selection at 2 and 8 years).

Sclccticn intensity

model 0.3 1.2 1.6 2.0 2.4 2.8 3.2 3.6
A 23.7 23.0 22.9 22.8 22.8 22.8 22.8 22.8
B 24.5 23.1 23.0 22.9 22.9 22.8 22.8 22.8

the greenhouse installation and management, differential
costs for pollination, cone collection, etc. It was therefore
necessary to examine whether or not the time saving per-
mitted by these new methods was not offset by these new
costs or costs which are at least differently distributed
over time. Detailed description of these techniques can be
found in Greenwoop (1982, 1983) and costs figures are
evaluated in Paques (1984).

The major result we observe is that an increase of profit
of at least 20% can be obtained by these new techniques,
compared to field breeding (Table 5), Moreover, only the
magnitude and not the nature of the response (E.A.R.)
over selection intensities is changed.

These results are given for a simplified situation in which
the genetic gain remains unchanged between both alter-
natives. It was assumed that.the number of parent trees
was fixed over generations, so that the selection process
does not interfere with the breeding phase. Possibility of
increasing the number of clones and parent-trees in the
breeding orchard opened by accelerated methods should
be tested. Its interest is obviously in the larger population
leading to a higher number of crosses: selection could be
more severe and somewhat correct the reduced gain due to
an excessively early selection or by a poorer, early juve-
nile selection.

IV. Conclusions

Tree improvement programs present an increasing num-
ber of technical and management alternatives which re-
guire analysis in an integrated study combining both genet-
ic and economic parameters. Efficiency coefficients, as
currently described in the literature are particularly well
suited for the study and comparison of single options (such
as selection processes but aré not well adapted to deal
with the existing level of complexity of complete cycles
of improvement programs.

The complexity of the economic effects of different tree
breeding options revealed in this research indicates a need
to more closely examine the effects of even small varia-
tions in breeding techniques. The results obtained were
based on certain assumptions of genetic parameters and

operational efficiencies and the effects of variations in
these should also be further examined.
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Abstract

The breeding systems, genetic structure and identity of
populations of Pinus caribaea var. bahamensis, P. caribaea
var. hondurensis, P. oocarpa and P. maximinoi were in-
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