(88 to 105 percent as effective as direct selection for
volume). Combined selection for one-year height was only
67 percent as effective as direct selection for seven-year
volume. However, average volume gains per year were
greater for one-year selection (1.61 dm? vs. 1.20 dm?® per
year), because of the reduced breeding cycle.

(4) Selecting for one, three, or five-year growth {traits
would have slight positive effects on wood specific gravity
(from 5 to 13 percent as much gain as direct selection)
and a negligible effect on branch angle (—0.3° to —1.49).
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Abstract

Four different juvenile selection models are developed
and evaluated. When the heritability is assumed to be
constant for all ages and the coefficient of juvenile mature
correlation function is set at .308 (Lamsern, 1980), the
optimum selection age varied between 1.3 and 21.5 for the
rotation age of 25 years.

The large differences in the optimum selection age was
due to the differences in the models and the evaluation
criteria used. Important findings of the models are as
follows. 1) Basic model: When linear functions are used
to represent the heritability ratio (g = hy/hy) and the
genetic juvenile mature correlation (r), the intercept of g
must be equal or greater than that of r to guarantee that
the early selections are always beneficial. When a linear
function and a log function were used to represent g and
r (= 1 + Blnx), respectively, g did not influence the time
of maximum annual genetic gain (x,,,) significantly up to
B values around 0.3. 2) Extended time models: These models
delayed the x,,, of the basic model. 3) Maximum future
net worth model: The early selection t,,, is independent
of the rotation age (T), and an economic criterion k was the
prime factor which influenced x,,,. 4) Multiple cycle
model: Under many simplifying assumptions this model
reduced to the basic model.

It was concluded that extremely early selection time
such as earlier than 1/3 of rotation age should be used with
caution. Other shortcomings of the models were discussed.

Key words: Accelerated tree breeding, juvenile selection, herita-
bility ratio, juvenile-mature correlation, tree breeding.

Zusammenfassung

Es wurden vier verschiedene Methoden zur Friihselek-
tion entwickelt und ausgewertet. Unter gewissen Voraus-

Silvae Genetica 34, 2—3 (1985)

setzungen konnte gezeigt werden, daBB das optimale Selek-
tionsalter zwischen 1,3 und 21,5 Jahren variiert. Jedoch ist
eine Selektion, die vor dem Ende des ersten Drittels der
Umitriebszeit erfolgt mit Vorsicht durchzufithren. Andere
Unzuldnglichkeiten der Selektionsmodelle werden disku-
tiert.

Introduction

Accelerated tree breeding is receiving a new emphasis
with success in early flower induction and potential early
selection. The concept is based on the premises that an
early return on investment is desirable, and that there is
an optimum juvenile selection age at which the early
return on investment will overcome the shortcomings of
misclassifying good trees because of imperfect juvenile-
mature correlation. Therefore, the central question has
been: What is the optimum selection age? Recent reports
show there is no single answer to the question. For ex-
ample, Frankun (1979) and Lameern (1980) addressed this
question for several conifers and, although sharing some
common data base (from NamkoonG and CoNkLE 1976. Nam-
kooNG et al. 1972, SquiLace and Ganser 1974), suggested
different selection ages. FrankLIN concluded that accurate
selections might be made after half the rotation length,
while LamBern suggested that selection much earlier was
feasible.

Such discrepancies indicate that either the premises of
accelerated breeding are not sufficient to address the issue
properly, or that there is more than one answer to the
question of optimum selection age, depending on the model
and the parameters used. A corollary to this point is that
any answer obtained from a model in isolation should not
be used for making generalized inferences.
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In this paper, I will develop and evaluate various models
of early selection. The objectives are 1) to define some ele-
mentary models which can be of further use, 2) to demon-
strate that an array of selection ages can be obtained from
different models but the answers do not converge to a
narrow range of ages, and 3) to discuss the effects which
influence optimum selection ages within and between the
models.

The models to be discussed are not prediction models.
They are rather simple, and assumptions used are unre-
listic. The models are primarily useful for learning the
dynamics of optimum selection age under various condi-
tions. It ispossible that the models can be further im-
proved and used for predictions in the future. Such appli-
cation will however, require substatially more informa-
tion on the changing nature of the parameters of the
models. I will limit the discussion to a basic model and
three modifications of the basic model.

Basic Model

One popular way to examine the question of optimum
selection age has been to use genetic gain per year (annual
genetic gain) as the measure for comparing selection at
different ages (Dickerson and Hazgi, 1944). Let the annual
genetic gain be G*;, then

ac . b6,/
= ihtnrr(tlvr/t
where i is the standardized selection intensity,
h:. h: are heritabilities at age t and maturity (T),
respectively,

r{t) is the genetic correlation between t 4&nd T, and

9T is the phenotypic standard deviation at T,

By comparing the annual genetic gain (AG*) at dif-
ferent times, t, one can empirically determine the selec-
tion age at which AG*; is maximum. If the information on
the genetic juvenile mature correlation r(t) and heritability
(h?) for all different time was available, then finding an
accurate selection age with maximum AG* would be a
relatively simple matter. Currently, only limited infor-
mation on such parameters is available.

Even if sufficient information is available learning the
dynamic behavior of the optimum selection age under dif-
ferent models can be enhanced if the genetic correlation
and heritability are expressed as functions of time. If we
assume that such time dependent expressions exist and let

9 * 9ix) = h /h. . and

T = rix) represent r(t) at time x » t/T. then (1) can be
rowr;ttun as
* 2
AGK = lhegix)Irix)op/xT
L T I I e (2)

where @ = ih2po/T. Equation 2 will be referred to as the
basic model in this paper. Note that AG* is replaced by
AG*,. The assumptions of the model are as follows. Selec-
tions made at different ages are drawn from standard
normal populations at different time, and the population
size will remain constant over different selection periods.
If the breeder uses a fixed proportion of individuals for
all the selections the selection intensity i will remain
constant. Only a single cycle of selection will be applied
such that h?p will remain a constant. These assumptions
assure that Q =ih?yor/T is a positive constant, and AG*, is
maximum at x which maximizes the function y = gr/x.
Clearly, y is a critical parameter indicating the relative
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merits of selecting at t < T. y < 1 implies no advantage
to early selection. Since y is a variable function of g,r and x,
its behavior reveals the effects of those parameters on the
efficiency of early selection.

The first and second derivatives of y are:

(xg‘'~glr ¢ xgr'

x2

(x2g".2xg s29)r + 2xixg -gir’ + xlgr-
v = SR (4

If we let y' = 0, then

(%@' = @)r ¢ XQr' ® 0 —-cceemmme e eeieiiaoaoo (51

One of the roots of (5) will be the maximum provided that
y” at the x is less than zero. The root will be referred to
as X,..- The x,,, will vary depending on the nature of
the population which governs g and r.

Although g and r depend on the populations, efforts
were made to describe some general behavior of the heri-
tability and genetic juvenile mature correlation as time
related functions. NamkoonGc and Conkie (1976) and Frank-
LN (1979) indicated that the heritability can change sub-
stantially among three different phases of tree growing
processes (i.e. juvenile genotypic phase, mature phase, and
codominance suppression phase). Although the classifica-
tion did not generate any explicit time related heritability
function, their idea could be viewed as a step toward learn-
ing such functions.

LamserH (1980) suggested to use,
r(x) = By + Bylnx
where x = t/T.

r(x) = genetic juvenile mature correlation between t
and T, and B,, B, are constants representing intercept with
x = 1 and regression coefficients of r(x) on Inx, respec-
tively. The log function by Lamseru seems to apply to many
pine species and will be used extensively in this paper
with the following modification.

rix) = 1 + Blnx, exp(-1/8) $ X § N mmmmmme e (6)

B, = 1 is used because B, values other than 1 will result
in discontinuity of r at x = 1. The domain of x,exp(-1/B) <
x £ 1 will apply to all the pertinent equations in this paper
unless specified differently.

In the remainder of this section I will use two sets of
arbitrary functions to represent g and r, and discuss some
properties of x,, ..

Case 1. Both g and r are linear functions:

If we assume that both heritability ratio (g) and genetic
juvenile-mature correlation (r) are linear functions of time,
we may write,

g = A + (1-A)x, and

r = D + (1-D)x, with the restrictions that g = r =latx =1,
and 0 < x < 1. A and D are parameters that have to be
estimated from actual data. Some of the data collected by
FrankuN (1979), such as from Sumrace and Ganser (1974),
indicate that it is possible to approximate g by a linear
function depending on the definition of the rotation age.
A linear function of r seems to be a fairly good approxi-
mation of (6) when 0.5 < x < 1 (Figure 1). Using the
linear functions.




y = [A + (1-A)x)J(D + (1-DIx)/x.

r. and r° in Equation S

8y replacing proper expressions of g. g .

we get.

(1-A)41-01x2 - AD = 0, ana

0 for all x,

y" = ZADIK3 > 0 ¢« x ¢ t. Therefore (7) represents

minimum points rather than maxima. This implies that y tends to

be reverse-J shaped (Figure 1). The equation

(1-01x?
A ¥ e—————— -m---eee-acec-esmeseemmme-eememc—-oo-——=
0« (1-D)x?

shows the value of A necessary to cause minima at the
specified values of x and D. The most important special
case of (8) is when x = 1. In this case any early selection
will be guaranteed to generate y values greater or equal
to 1. Then (8) reduces to

A=1—D.
2.5~
2.0 - Az .66, B:.3
Az .5, D:.65
As.25, Ds.65
1.5 1

As.S, B:.3

A2.125, Ds .65

1.0 1

Az.125, Ds.§

0““
s"‘
» 'Az.25, Bs .3

e,

Uity

5 §As.125, Bs.3
i = CASE 1
nemnw CASE 2
o - T 1
5 1
x=t/T

Figurel.— Values of i}y = [A + (1 — A) x] [D + (1— D) x]/x, and
i) y = [A + (1 — A) x} (1 + Blnx)/x at various x.

i) and ii) represents Cases 1 and 2 Basic model, respectively.

CASE 1: Only when A > ‘D, the minimum occur at x = 1,
Otherwise minimum y will occur at an earlier stage. When D is
smaller the minimum of y decreases for given A. For example, com-
pare the two curves with the same A but with different Ds. Case 1
approximates Case 2 well for x > .5. The intercept D of r (x) was
taken by connecting two points. (75, 1 + Blnx) and (1.1) of the log
function, y = 1 + 1nx.

CASE 2: The x falls at similar places regardless of A values for
A > .25. When A = .125, no intermediate maximum exists.

Table 1. — X nax at various values of A and B!

a

A 1 2 .3 s ‘ s

v looor  Lozzs

2 0001 .0198

3 0001 .0182 ';;;; 3Tt2

. 0001 .0188 0053 2158 4172

s 0001 L0187 1080 lees 3018 9999

-6 .o0001 .018S .1039 1715 —;;;; 5205

.1 .0001 L0185 L1013 1678 2482 sz

.8 .0001 L0186 L0994 1625 2367 eara

.9 L0001 L0184 .0980 1583 2289 3839
1 .0001 .0183 L0970 1561 2230 3518
1) Values below dotted lines represent X ax which differ by less

than .05. Difference in xmax by .05 means 1 year difference in
20 years rotation age and 5 years difference in 100 years
rotation age.

Therefore A = 1 — D will meet the desired requirement.
This implies that A = 1, or g(x) = 1, will certainly guaran-
tee that any early selection will be favored.
Case 2. g is linear and r is logarithmic:

The necessary equation are:

y = (A + (1-A)x)[1 + Blnxl/x.

1 A A(1-8)
y' memx - ——lax - ———= | and ------ee-ioaaoaoooo (10)
x 1-A 8(1-A)

¥ = [-B(1-A)x + 2ABlax + A(2-38)1/x>.
The roots of y = 0 were numerically obtained for some
specified values of B and A (Table 1). Up to values around
.3, the change of A has little importance in changing the
Xmax- Therefore, Phe use of the assumption g = hi/hr = 1,
such as applied by Lamsern (1980), can be justified up to B
values around 0.3. As B increases (i.e. the genetic juvenile
mature correlations become weaker) the change in the
intercept of g becomes more important.

To determine the A value that will guarantee x,, for
given x and B, Equation 10 is solved for A resulting in,

Bx

Ar —
1 + Bixe+dlnx-1)

The values of A obtained from Equation 12 represent the
intercept of the linear g which might cause either maxi-
mum or minimum value of y (Table 2). Table 2 shows that
the difference between the first number and the second
number of each row is much greater than those between
other numbers not involving the first number in the same
row. To obtain the earliest possible x,,, for given B, A
must increase greatly, although the actual changes in X,
is relatively small (Figures 2). Note, however, that the
actual values of y changes substantially. The increase in y
is primarily due to the increase in A.

Another useful question for Case 2 is: how large should
A be to guarantee y = 1 at different values of x and B?
Let A = B + m, where m is a constant, then from (9),

y = (B ¢ (1-8)x)(1+81lnx)/x » mil-x){teBlnx)/x > 1.

First consider the case of m = 0, i.e. A = B, so that the
second term of (13) can be ignored. We then ask what range
of B values will guarantee the presence of y = 1, for given
x? Equation 13 can be solved for B and,

xlax = (x-1)
A =8 <

. expl(=1/8) < x ¢ 1.
(x=1)1nx =
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Table 2. — Values of A which will guarantee the extreme values of y at given X and B!
X
B
.05 .1 .15 .2 .25 3 .35 .4 .45 .5 .55 .6 .65 .7 .8 .9 1

.1 .008 .014 .021 .027 .032 .037 042 .047 .052 .058 .061 .066 .07 .075 084 .092 .1
.2 .048 .056 .067 .077 .087 .097 106 .115 ,123 131 ,139 147 .154 161 175 .188 .2
.3 217 209 sz .214 220 .227 .23 .240 248 .25 .262 .275 .289 .3
.4 2.208 .688 ,503 .437 .407 .391 ,383 .379 .378 I .378  .380 .385 .392 .4
.5 .828 .691 .620 .578 .s51 ,§33 .521 .507 .501 .5
.6 2.66 1.414 1,056 .889 744 734 693 .643 .616 .6
7 Negative values §.621 1.159 1,003 .907 .796 .736 .7
.8 1.769 1.385 1.180 .968 .861 .8
-9 2.996 1.968 1,540 1,163 .993 .9
1 6.728 2.965 2.039 1.387 1.133 1

1) Boxed in values represent A which will guarantee maximum y. Values above the box represent
A which will guarantee minimum y.

g(x) or r(x)

1.5

_-_-_-_-_—5__-;;;:_-_\,,

O ¥ A o '_" L] B
.5 1 .5 1
x=t/T x=t/T

Figure 2. — Linear function g — ht/hT necessary to guarantee the pre-

sence of maximum y at specified X ax values. Note the drastic changes
in A Values to accomplish the change of X ax by 0.05.

2a) B =.3: When Xax = .1, A = .765 and y = 2.428,
When Xnax = .15, A = .256 and y = .744.
2b) B = .4: When Xiax = .2, A = 2.208 and y = 3.503.
When Xnax = .25, A = 687 and y = 1.364.

The necessary values of A = B for various values of x are
shown in the following table.

X .1 2 3 4 .5 .6 7 .8 9 1

A =B 323 371 402

INTV

425 443 458 47 481 491 5

When x = 1, Equation 14 is undefined. However, it can be

shown that limB = 1/2 by repeated application of I'Hopi-
t—1

tal’s rule.

When B is greater than .5 or the value specified in the
above table, A = B + m must be greater than B, or m > 0.
By solving (13) for A = B + m we obtain,

X Blnx

A=B+m=———0

———,exp(—1/B) < x < 1.
—x 1T Bmx PR sx
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Table 3 shows the values of A necessary to guarantee y =
1 for various values of x and B. By comparing Tables 2 and
3 we can see that y = 1 exists in the earlier regions of x
although x,,, does not exist in the same area. In general
A needed for y = 1 is smaller than that for x,,, except
for the boxed-in values (Figure 3). At these points y values
are less than 1 at x, . )

A special situation of Case 2 arises when A = 1. Table 1
showed that A has relatively little influence on x,,, for B
values up to around .3. In this case, assuming A 1
simplifies the analysis substantially. Therefore,

y = r/x = (1 + Blnx)/x, and
y = (B — 1 — Blnx)/x.




Table 3. — Values of A which will guarantee thaty = 1 at given x and B!,

X

B
.05 A .15 .2 .25 .3 .35 .4 .45 .5 .55 .6 .65 1. .8 .9 1
-1 .023 .03 .04 .048 .054 .059 .063 .067 .071 .074 .078 .081 .084 .086 .091 .096 .1
-2 .079  .095 .108 .119 .128 .136 .143 150 .155 161 .166 .171 .175 179 .187 .194 .2
-3 .467  .248 .233 [233  .237] .242 .248 .253 .258 .263 .267 .271 .276 .280 .287 .294 .3
.4 .318 1.296 .555 .452 .415 .398 .390 .286 .384 [.384 .384 .385| .387 .388 .392 .39 .4
.5 3.254 1.030 .753 .648 .595 .564 .544 .530 ,521 .,515 .510 .506 502 5 .5
.6 7.031 1.648 1.115 .916 .814 .753 .712 .684 .663 .647 .635 .618 .607 .6
.7 10.930 2.297 1.493 1.192 1.037 .943 .890 .835 .802 .776 740 716 .7
.8 Negative values 11.211 2.824 1.831 1.447 1.245 1.120 1,037 .977 .932 .869 .828 .8
.9 9.223 3.136 2.090 1.658 1.424 1.276 1.176 1.103 1.005 ,943 .9
1 7.297 3,242 2.259 1.817 1.566 1.405 1.294 1.149 1.060 1

1) The boxes represent the combinations of x and B at which y values at xmax

The x,, occurs when
x = exp(l — 1/B).
The values of x at B = .3 are shown in Table 4 for dif-
ferent rotation ages, and that at various B are shown in
Table 1 on the bottom row with A = 1. An interesting
feature of this special case is that the genetic juvenile-
mature correlation (r) is identical to B at x,,,,. This can
be shown by replacing x,,. in (6) such that
r(Xpax) = 1 + Bln(x,,,)
= 1 -+ Bln[exp(1—1/B)]
= B.

Extended Time Model

In the basic model, g and r were either linear or logarith-
mic functions. In this section we will let g = hy/hy = 1,
r = 1 + Blnx, and the denominator of the basic model
(Equation 2) to vary. The extended time model is expres-
sed as

Oy = ar/ix « k")
* 001+ Blax)/ix o k)
- 2
where k = k/7, Q -ihra'/f. and N
k represents the actual amount of time added.
By differentiating y with respect to x and

equating the

derivative to zero we get,
.
lnx - k /x = 1 - 1/B, or

lax - k/xT = 1 - 1/8

By changing the k values a wide variety of situation can
be examined. Two cases of interest are as follows.
Case 1: LameetH (1980) extended Tand tto T + 3and t + 5,

1 9

r(x)=1+BIn(x)
n

« Points where
y=r/x is maximum

4 Points where r=.5

- " 75
L] - .9
Y .5 1

x=t/T
Figure 3. — Curves of r = 1 + Blnx with various values of B.
The values of r at X ax (starred points) are: 0.1, 0.2, 0.3, 0.4, and
0.5 for points 1, 2, 3, 4, and 5, respectively.

is less than 1.

respectively. Such extension was necessary to accomodate
time needed to make the regeneration, such as flower in-
duction. His scheme can be expressed as,
y = (1 + Blnx)/(x + 5/T).

Note that T + 3 is a constant and can be incorporated into
Q@ such that Q* = ih?1op(T + 3)/T. The replacement of
k = 5 in Equation 15 will generate.

Inx — 5/xT =1—1/B.
The above equation is numerically evaluated for B = .3
(Table 4).

Case 2. Two-cycle model:

Another special case of interest is when k = T. This
represents the situation where the realized 'genetic gain in
the subsequent production population is divided by the
entire period of breeding and production. In this model
the regeneration time, such as in Case 1, is ignored. Then
the model becomes

= (1 + Blnx)/(x + 1), and
the roots of

inx - 1/x = v - 1/B

will generate the desired x,,(. By using the first three
terms of Taylor’s series expansion about x = .5, (16) may
be approximated as

20x2% — 32x + 18.386 — 2/B = 0,B < .358
with the solution x = .8 — .025 V160/B-446.88. However,
the approximation has a narrow range of application, say
2 < B £ .31. For B values outside the above range the
root of (16) was numerically evaluated (Table 4).

When B = .5, (16) becomes
xIn(x) +x—1 =0,

with the solution x = 1. Such evaluations show that, when
compared to the basic model, the two-cycle model length-

Table 4. — Comparison of the basic model [g(x) = 1] and ex-
tended models when B = .31,
T
20 25 30 as 40 %5 50 100
Basic x .097 .097 097 097 097 097 097 097
max
Hodel t 1.94 2.92 2.91 3.39 3.s8e8 4.6 4.85 9.7
max
Lambeth  x .256 .23 212 199 188 180 113 139
max
model t §.12 5.78 6.36 6.97 7.52 8.1 8.65 13.4
max
Two x .568 .568 .568 .568 .568 .568 .568 .568
max
cycle
model tm.x 11.36 14.2 17.046 19.88 22.72 25.56 28.4 56.8
1) X hax values of the two cycle model at different B values are

.142, .33, .791, and 1 for B values of .1, .2, .4, and .5, respectively.
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ens the x_.. substantially (Table 4). When B = .3, the
Xnax 15 longer than 1/2 of the rotation. Furthermore, when
B > .5, juvenile selection loses its advantage completely.
The coefficient B for the loblolly pine example of FRank-
LN (1979, Table 3) is .432. At this B value, t,,. = 0.86T.

Unless the juvenile-mature correlations are so high that
B is less than .2, the early selection age suggested in the
basic model will not be realized in the two-cycle model.
Conceptually, it is possible to shorten the age when the
annual genetic gain is maximum by reducing the rotation
length (T). Such reduction in rotation length would tend
to increase the genetic correlation between an earlier
juvenile age and the rotation time. The reduction in rota-
tion time, however, may not change B (LamsgtH, 1980).
Therefore the impact of reducing the rotation length is to
reduce t p,, but not x, .

Maximum Future Net Worth Model (MFN)

The basic model and extended time models use different
time parameters as the denominator for determining the
annual genetic gain (AG*, or AG#*,). The annual genetic
gain, however, does not always generate practically
meaningful answers. Consider, for example, the basic
model with g(x) = 1. As was discussed before r(x) at x,,
equals B (Figure 3), which means that the expected genetic
gain at xp,, (AGy,,) is only B fraction of that obtain-
able at the rotation age (i.e. AGy,x = BAGy). For small B,
AG*, is maximum at x,,, mainly because of the extremely
small x used as the denominator. An extreme situation can
be seen in Figure 3, when B = .1 The x,,, = .0001 and
I(Xpayx) = .1, meaning AG,,, = AGt/10. However, the x
at which AG, = 5AGr is .007 and that at which AG,; =
15/ Gt is .083. All the x values are very small, and selec-
ting at x = .0001 to maximize AG*, is a nonsense. The
situation improves as B increases. When B = .3. the x
values are 0.097 (X,,), 0.189, and 0435 for (B/10)AGT,
0.5AGr, and 0.75/A\Gr, respectively. Nevertheless, the ex-
ample demonstrates the need to use the concept of annual
genetic gain with caution.

One way of avoiding such potential complication is to
use the expected genetic gain at different time (AG; or
AG,) directly, by incorporating it into an economic model.
In this section the future net worth equation is utilized
for that purpose.

Future net worth (FNW) is defined as follows (LUNDGREN,
1973):

FNW = P,;Vy— c(1 + R)t,
where P; and Vi represent the price and quantity (or vo-
lume) of the products at time t,
R represents the interest rate, and
c represents the initial cost.
The FNW equation can be modified to incorporate the ge-
netic gain at different period as follows.

FNW = [1 + (46 ))av, - 1R e “n
where pt is replaced by (1 « f‘AG‘))q.
q represents the price of unimproved seeds, and

f(AGx) is an unknown function of expected genetic gain AGK.

The assumption are: 1) The time between the selection and
seed production is ignored. 2) f(AG,) = AG; which implies
that the price of the improved seeds is proportional to the
expected genetic gain at different time. 3) all the seeds
produced are utilized, and the quantity of seed production
is constant for the different selection ages. Then we can
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assume Vi = V7. 4) The subsequent operation cost (includ-
ing the seed production) is constant for all different selec-
tion times.

8y replacing T ih:g(x)r(x)aY in (17) we get.

2
FNW = L01 © in g arixe dav, - clremy)*T

where x = t/T, and 0 < x ¢ 1.
The above equation can be modified such that

FNW - qVv

— L s soor0a - ke T

tin_ o _JqVv.

TTOT s = ow
c
where k = 2—
ih

(i Ta')qu
If we assume that g(x) = 1, and rix) = 1 + Blax

Hix) = (1-8lax)-k(1eR)*T
Differentiating H with respect to x, and equating the resulting
derivative to zero yields

xT

XT(1eR) 2 B/KLR(14R) wccmcomcmmco e (18}
Since x=t/T, (18) may be rewritten as

t(1eR)® » B/KIN(1eR), 0 ¢ € ¢ T =omcommoccomaom oo (19)
From (13), we Can see that tmax no longer depends on T, the
rotation age. Approximate solutions to (19) may be obtained by

using the first two or three terms of Taylor's series expansion

of 1)t about t=0. The use of the first three terms of the

Taylor's series expansion yields.

3
tmax = [(Vu.v . ‘fU—V Y - 21 7 31nf1eR)--e-mmmmm oo oo (20)

where U = (548/k + 20)/2, and
v = [q(SBB/k + 20) + 32) / 2

Equation 20 tends to overestimate t,, but is fairly use-
tul for k = .1. From Table 5, we can see that there are
certain combinations of B, R, and k under which juvenile
selection is not beneficial (for example, B = .3, R = .05,
k = .1, and T = 20), where k represents the ratio between
the initial cost and the return at the regular rotation age T.

The most important findings of MFN include, 1) the
tmax 15 determined by both biological and non-biological
factors, and 2) it might be easier to work with non-biolo-
gical factors to adjust t;,,. The combined influence of k
and B on the t,,, is in the form,

z = B/k
where z is a combined factor influencing the t,,.. The
explicit expression for z is,

2
T AT L2 V2 T (21
z = ("hrdv'qlt"c

and all the components in the numerator influence the
amount of return than the cost. Therefore larger z values
mean larger return/cost rate, which will retard the t,,,.

In equation (21), hr, oy and B are biological variables,
and i, q¢, Vi, and ¢ are economic variables. In practice, it
might be more practical to attempt to adjust the t,,. by
manipulating non-biological variables. For example, by
increasing the selection intensity, the breeder can delay
the t,,.. If advanced propagation methods, such as tissue
culture, become practical, the Vg, and h?>r will increase,
and the return on the selection could peak at rotation age.
Low initial investment as well as high cost of unimproved
seeds will also lengthen the t,,,.

The t,,, is also influenced by the interest rate (R).
Equation 20 shows that higher interest rates will shorten
the t,,,. To obtain t,,, values under different interest
rates, one may multiple 1n(1.05)/In(1+R) to the t,,, shown
in Table 5.

The MFN model also suggests that early selection for
the sake of an early return on investment only may not be




Table 5. — Values of tmax for various B values obtained from

Equation 201,
K=,05

k 1 2 -3 L} 5
1 11.78 18.06 22.65 26.35 29.49
25 6.11 10.14 13.25 15.83 18.086
s 3.486 6.1 8.28 10. 14 11.78
.15 2.43 4.4 6.11 7.60 8.913
] 2.06 3.79 5.29 6.62 .83

1 1.87 3.46 4.86 6.11 T.24

1) R = interest rate,
k= c/(ih’ToT) qVT,
¢ = initial cost,
T = rotation age, and
B = the slope of r (x) in log scale.

always desirable. For example, assume that a breeder
practiced selection at an early age to obtain an early return
on investment. Also assume that he has to bear additional
costs arising from early flower induction. In order to make
up for the additional investment, MFN model suggests the
selection be made sooner. The further shortened selection
time will require even more investment for flower induc-
tion research and development. Obviously, this will not
lead to a realistic maximum. In many tree breeding pro-
grams activities such as flower induction can be justified
for reasons other than juvenile selection combined with
mass propagation, and the investment may not be consi-
dered as an additional cost for making early selections.
-Alfhough MFN model avoids the problem of the basic
model and extended time models, it has its own short-
comings. In addition to genetic assumptions such as g(x) =
1, and r(x) = 1 + Blnx, the model requires many economic
simplifying assumptions. It is unlikely that assumptions
such as no time lag between selection and seed production,
Vy = Vr, f(AGt) = AG;, and no subsequent operational
cost difference between different selection times can be
justified in the real world. The model is, however, valuable
because it demonstrates the need for balancing economic
factors and biological factors to determine the optimum

Time, years
re
12 22

Y Y h {

Intermediate test

selection time. It also indicates a direction of future deve-
lopment in economically realistic prediction models.

"Muttiple Cycle Model

There are two approaches to juvenile selection in tree
breeding (Kang, 1982). The first deals with improving the
juvenile trait itself, and the performance of the individuals
at a later stage is not important: Hence, juvenile-mature
correlation is not a pertinent issue. This approach reflects
the recent interest in short-rotation forestry, which tend
to change the quality of the wood supply.

In the second approach, juvenile selection is considered
as a technique that influences the tempo of overall breed-
ing activities. For a given time, say 50 years, the tree
breeder has a choice of different selection cycles. For
example, jack pine flowers as early as 12 months (RuporpH,
1979), so the breeder may then ask how selection cycles,
say 6, 4, 3, 2, and 1, will influence the total genetic gain
at the end of 24 years (Figure 4).

Since most breeding techniques are applied to breeding
stocks during selection and crossing time, the more gene-
rations occuring within a fixed period the more opportu-
nities to apply breeding techniques will be. Therefore,
many well established crop breeding techniques can be
more readily applied to tree breeding if a short multi-cycle
option is used. For example, in jack pine (or other species
with the possibility of early flower induction) the deve-
lopment of inbred lines, with or without selection, can be
achieved in less than 50 years, which is a typical single
rotation time for many tree species.

In the multiple-cycle model h?; and or can no longer
be considered fixed, because population parameters change
over different selection cycles. Furthermore the distri-
bution of g(x) and't(x) will vary over different generations.
therefore, two types of time have to be considered: time
within a single generation (x), and the number of gene-
rations (n). The general expression of the accumulative
genetic gain for the multiple cycle model is:

n
n N .
AG‘ = “:‘;"h'!;ugjlx'r:'“()'?j

where j indexes the generation. Because g;(x) and r;(x) vary,
Xmax WIill also vary over different generation. As will be

=mam Porlod between sowing and
selection

mnw Period between pollination and
seed maturity

¥ Time for measurment and evaluation

8 cycles
4 cycles \ \
\ \ Y Y ¥ Y Y v ¥
3 cyeles ) I Final test
2 cycles / ] -
24 46

1 cycle Time, years

n —

o 24

Time, years

Figure 4. — A testing scheme for various generation turnover cycles under the multiple cycle selec-
tion model: An example that can be used for species such as jack pine.
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assumed later, only when the distributions are considered
fixed over generations the two different types of time, x
and n, will have interchangeable meanings.

Currently, little knowledge on the genetic causal com-
ponents, such as the number of loci, linkage structure, and
interaction among alleles etc., of quantitative traits of
trees is available. Therefore, developing a prediction model
of multiple-cycle selection is even more difficult than
that in the previous models. It is, however, possible to
develop theoretical models which can be used to under-
stand the changes of the parameters over generations.
These questions will be discussed further in another paper.

In this section the assumption that h2r, o, g(x), and r(x)
do not vary over generations is made. The assumption will
make it possible to connect x and n in an explicit form.
Under the assumption Equation 22 can be rewritten as:

AGn, = nih®1rg(x)r(x)or.
If we further impose the restriction that different selection
schemes will be evaluated at time T, then the number of
cycles (of length t) one can have during time T isn = T/t
= 1/x, and
AGr, = (1/x)ih2pg(x)r(x)or
= TQgr/x
where Q = ih?pop/ T as was the case in Equation 2. Because
both T and Q are constants, x,,,, can be obtained by find-
ing x which maximizes y = gr/x. Once x,,, is found, the
number of generations which maximizes AGn, can be de-
termined by the relation,
Npax = l/xmaX'
The changing nature of x,,, has been discussed in the
basic model and extended time models.

Another worthwhile question is: how many short cycles
are necessary to obtain a level of genetic gain equivalent
to that achieved with a single long cycle? This question is
equivalent to asking for the x which guarantees y =1 in

Table 6. — B'min at various vatues of x.

Time for x

seed

maturation 1 .2 .3 N .5 .6 .7 .8 .9
1 year .367 .466 .545 .61¢ .8717 L1346 .789 841 .890
2 years 345 438 513 578 636 .691 142 791 837
Table 7. — Genetic correlation, r(t), n, and n* for loblolly pine

height at various ages (data from Frankiring, 1979). Underlines re-
present situations where n* > n.

4
5 7 10 15 20 25

rit) .93 .84 .66 .41 .07 A7

3 n, 1.08 1.19 1.52 2,44 14.29 5.88

n 1.4 1.8 2.4 3.4 4 5.4
rit) .93 .16 .50 .19 <34

5 n, 1.08 1.32 2.00 5.26 2.94
n 1.28 1.71 2.43 3.4 3.86
rit) .86 .60 234 .40
Tn, 1.186 1.67 2.94 2.50
n 1.33 1.89 2.44 3.00
rit) .82 .49 b

10 n 1.61 2.04 2.44
t.42 1.83 2.25
rit) .88 .88
15 n, 1.14 1.14
n 1.29 1.59
ric) 87
20 n, 1.15
L 1.23

82

the basic model. This question is useful if early selection is
viewed as an activity that influences the tempo of overall
tree breeding efforts. Because the question does not seek
for x,,,., the answer is likely to point towards smaller x
and larger n. Larger n will generate more chances to apply
different breeding techniques. In a qualitative sense, larger
n might generate more overall gain from breeding than
smaller n which maximizes AGn,. To obtain the answer
we equate AGn, with AGr, and solve for n:

AGr, = nih?pg(x)r(x)or = ih?por = AGT

ng(x)r(x) =1

1
n= - .
g(x)r(x)

If we assume as before that g(x) = 1,and r(x) = 1 + Blnx

LT 2 8 Y- T (23)

To determine n it is necessary to find the intermediate
root of

T(1-x) + (T+s)Blnx = 0,
where s represents an arbitrary constant such as the time
required for seed maturation. Note that x = 1 is a trivial
solution. The replacement of the intermediate root in (23)
will yield the desired n.

Let n* = (T+s)/(t+s), for species that require s years
for seed maturation. If n* > n, repeated juvenile selec-
tion at age t will yield a greater genetic gain than selection
at T.

It is also possible to use B to compare different selection
cycles. Let r* = 1/n*, then n* > n is equivalent to saying
that r > r*, or

14Blnx > (t+2)/(T42), ==-cmcemeecmmomm e e cmmcemmom— o {24)

for species with 2 years for seed maturation. By solving
equation (24) for B we get

T x-1

T+2 Inx

Since B* is an increasing function of T, any B that is
smaller than B* with a small T will certainly be smaller
than B* with a larger T. If we let T = 15 as the shortest
rotation time, then we can write

B <B* min
where B*;, = .882(x-1)/Inx.
For species with 1 year for seed maturation, we get
B* i = 938(x-1)/Inx.
Table 6 shows B*;, for various values of x. By comparing
the actual B values and the table values, we can deter-
mine at what age juvenile selection begins to be acceptable.

Table 7 shows r(x), n, and n* for various values of t and
T of loblolly pine (from Frankun, 1979). It is difficult to
explain why r(t*, 20), r(10, 15), and r(10, 25) are not large
enough to justify juvenile selection, where t* represents
ages 3, 5, 7, and 10. But the disadvantage of the selection
at age 3 when T = 25 is not unexpected. The B = 432, in
the loblolly pine data leads to the conclusion that juvenile
selection is advantageous at x > .2, or 1/5 of the rotation
time (T) (Table 6;. At age 3 with T = 25, x = .12, B* =
.384, and B > B*.

LamseTH (1980) used B = .308 for several Pinaceae species.
At B = .308 juvenile selection at any time greater than or
equal to 1/10 of the rotation time will be advantageous
(Table 6). Therefore, in most practical situations, repeated
juvenile selection will lead to genetic gains equivalent to
single generation turnover at maturity. This finding,
together with the increase in the number of opportunities
to apply breeding techniques in multiple short cycles, make
juvenile selection an attractive option.

= B* x # 1.




Table 8. — Selection time (in years) suggested under various
models when the rotation age is 25.

Model 8
432 e .35 .308
Franklin (1979) 12.8 12.5 12.5 12.5
Basic model lxm‘x) 6.7 5.6 3.9 2.6
Basic model (r'=1) 10.8 10 8.715 1.7
Lambeth (1980) 10.7 9.s 1.6 5.8
Two Cycle 21.5 19.8 17.0 14.6
MFN k= .1 Tt 12 24.8 21.8
k=.S 10.7 10.1 9.2 8.4
k=1 6.5 6.1 5.5 5.0
Multiple cycle (s522) 4.2 3.4 2.3 1.5
Multiple cycle (s=1) 3.8 3.0 2.0 1.3

1) The age suggested by the model is 27.4.
2) The age suggested by the model is 26.3.

Discussion

To determine a precise optimum selection age of a popu-
lation one needs a rather detailed information on the per-
formance of the population over a wide range of locations
as well as time. When such information is present, it is not
critical to develop models described in this paper to deter-
mine the optimum selection age. When such information
is lacking, but general information for early selection is
desired, the models could be useful, with the understanding
that the models generate elementary information which
could be of some value in decision making, but not predic-
tion values. In this section I will discuss subjects which
are useful for understanding the dynamics of t,,,, and the
components that influence optimal selection age. No ef-
forts will be made to discuss any particular numbers ge-
nerated from the models.

The models presented in this paper are by no means
complete or realistic. To understand the validity of the
models it is necessary to examine their shortcomings. We
will use four different, but interdependent factors to ex-
amine the models. They are: 1) the available information
on basic parameters, 2) the validity of approximating the
parameters by using some time dependent functions, 3) the
structure of the models, and 4) the nature of the evaluation
criteria.

Information on Parameters: Two most important para-
meters are the heritability ratio. g, and the genetic juve-
nile-mature correlation, r. The information on both para-
meters are limited, but sufficient to develop simple models
on single cycles of selection. Recent papers by FRrankLiNn
(1979) and Lamseta (1980) summarized the available infor-
mation. The information on g is not as well structured as
that of r. Although the information on g and r come from
similar sets of data base, the specific nature of r, which
we will discuss later, makes it easier to incorporate it
into models. The available information is not sufficient
to make the early selection ages of different models to
converge to a small range of numbers (Table 8). Note,
however, that more information does not necessarily imply
a convergence to early selection ages.

Further work on economics of early selection is necessary
to generate information on economic parameters, such as
k, as described in the MFN model. Such efforts will also
generate economic models which are more realistic than
MFN.

Little information on the nature of g, and r over different
generations is available. It is unlikely that the information
will be generated for a majority of conifer species in the
near future. It is however, possible to obtain information
from species such as jack pine and willows. Some infor-
mation can be generated by theoretical means. This sub-
ject will be discussed in a separate paper.

Approximation of the Parameters: In this paper the
heritability ratio, g, was approximated by a linear function
of time. It is possible to use other functions to represent
g and r. For example FrankuN’s phase concept can be ap-
proximated by using a step function or a quadratic func-
tion of time. Such functions might influence the x,,, to
move toward the middle of x values rather than to the
early part of x as was shown in the basic model. However,
if X, is the criterion of interest in the basic model, the
nature of the function might not matter for r values up
to somewhere around 0.3.

Furthermore Defining a function to approximate g also
depends on the definition of the rotation age. If the mature
stage in the sense of Frankuin (1979) is considered as the
rotation age, a linear approximation might be acceptable.
If the coduminance suppression phase is considered as the
rotation age, a quadratic function would be more useful.
If the changes in the heritability is not too drastic among
different phases, the assumption that g = 1 might be con-
sidered as a good approximation.

The choice of the function to approximate the genetic
juvenile mature correlation, r, does not depend on the de-
finition of the rotation age. The closer the time is to the
reference point the higher the correlation will tend to be,
regardless of the time chosen as the reference point. This
is why the information on r is structured better than that
on g although both come from the similar data base.

A number of different functions may be taken to repre-
sent r. Both a linear function and a log function were
used here. The linear function is not as descriptive as the
log function, but the simplicity. makes it useful. The linear
function of Figure 1 was obtained by connecting two
points, (.75, 1+Blnx) and (1, 1) of the log function, y =
1 + Blnx. In practice, however, data points between x = .5
and x = 1 may be used to fit a linear regression line which
passes through (1, 1). It is possible to use a quadratic or
cubic functions in place of the linear function. In that
case the points between a smaller number, say x = .3, and
x = 1 may be fitted, provided that the r tends to be high
in general. The use of cubic function does not simplify the
approximation. It carries too many parameters (i.e. coef-
ficients). The log function as defined here carries only one
parameter, B.

Of the functions that may be used to approximate r, the
log function seems to offer the best results, but its useful-
ness for small x values is questionable. As x approaches
zero the function drops quickly, and enters into the region
of negative correlation (Figure 3). This problem is shared
by other functions also, except that they migh overestimate
the correlation. Regardless of the function used one should
be careful about the interpretation of the values at small
x. At this time it is not advisable to choose a small
x as optimum selection age even if the model indicates to
that direction. This is the area where the added informa-
tion on r could make a difference. It can help to choose a
function that is suitable for the approximation, and to
determine how close to zero the function can be extended.

Structure of the Models and Evaluation Criteria: The
two factors are treated together because they are very in-
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terdependent. All the models address the optimum selection
time, but the criteria used to evaluate the time vary. The
basic model, extended time model and multiple cycle model
use the expected annual genetic gain as the measure for
determining the time for AG*,,,, or when AG*, = AG*r.
The MFN uses the expected genetic gain AG,,. The ex-
pected genetic gain migh be a better measure than the
annual genetic gain for economic analysis of early selec-
tion.

The annual genetic gain is a relative quantity, like heri-
tability, and is useful for comparing different populations,
but the relative nature itself makes it difficult to interpret
the validity of x,, evaluated in the models. As discussed
in the introduction to the MFN section, the division of the
expected genetic gain by x could lead to a nonsense value
for maximum point for cases with high genetic juvenile
mature correlations. It was also shown in Table 2 and
Figure 2 that the reduction in x to obtain smallest x,,,
requires an extremely large increase in the intercept (A)
of the heritability ratio, g.

Obviously, there must be a point where the reduction in
x is accompanied by fast decrease in the correlation, r. The
log functions in Figure 3 show that any of the curves may
indeed be approximated by two linear functions of dif-
ferent slopes. The point where such division occurs might
be the point where the loss of correlation does not justfy
the reduction in x. For the log function, the point is where
the slope of the curve (or r = dr/dx) is 1, or x = B. Any
reduction of x below x = B will cause faster reduction in
r than in x. Despite the faster reduction in r, the annual
genetic gain will continue to increase as x decreases be-
yond B until it reaches x,, ..

An alternate way of defining x,,, with respect to an-
nual genetic gain is to apply the restriction that x,,, be
defined between B < x £ 1. When x,,, does not exist
within the range, then x = B is taken as x,,. If g(x) = 1,
the basic model has no intermediate x,,,, and y is maxi-
mum when x = B. In extended models the addition of

constants in the denominator delays the x,, ., and increases
the chance that the x,,,, will fall between B and 1.

The problems associated with interpreting the concept
of annual genetic gain and defining the x,,, suggest that
it is not necessarily correct to equate the optimum selec-
tion age and X;,,. In the basic model x = B could be the
optimum selection age even though the annual genetic
gain is not maximum at this point. In multiple cycle model.
and in the basic model, earliest x which generates y = 1
could be considered as optimum selection age.

The multiple cyle model presented here does not gene-
rate any information that is significantly different from
the basic model, except that the x is translated into n.
However, the model is important because it defines a
reference point which can connect the single cycle models
and multiple cycle models.
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Provenance Study of Douglas-Fir in the Pacific Northwest Region
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Summary

Twenty-five-year results are reported for 14 Pacific
Northwest provenances of Douglas-fir growing in 5 thinned,
fast-growing plantations. In all plantations, the southern
Oregon provenance was the poorest performer for all re-
sponse variables (height, diameter at breast height, height:
diameter ratio, volume per hectare, and site index). It pro-
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duced 30 percent less volume than the average of the other
provenances. Differences among the other 13 provenances
were smaller and often not statistically significant. Prove-
nance X plantation interactions were generally not signi-
ficant when the southern Oregon source was omitted from
the analyses. These results seemingly contradict experi-
ments with seedlings and young plantations which indicate
an extremely tight adaptation.of Douglas-fir populations
to the local environment in which they evolved. Of the
several possible explanations for the apparent discrepan-
cies, the most likely is a lack of experimental precision in
the present study.

Key words: Douglas-fir, provenance, yield, genotype X environ-
ment interaction.
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