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Summary. Successive annual height increments (AHIs)
are considered to be elements of a time series. Empirical
data in Maritime pine (Pinus pinaster Ait.) show that
genetic correlations between successive AHIs (serial cor-
relation) decrease when the lag between corresponding
growing seasons increases. When separated by more than
13 years AHIs are no longer genetically correlated. It is
shown that age-age correlations between total heights
depend on three components: the serial correlation struc-
ture between AHIs, the genetic coefficient of variation of
AHIs, and the phenotypic growth curve of AHIs. Age-age
correlations are computed in various combinations of the
three components. Serial correlation structure and the
genetic coefficient of variation had the more pronounced
effect on age-age correlations. The genetic correlation
between height at age 10 and height at age 50 varies
between 0.764 and —0.136 according to the different
combinations. Results obtained by simulations are com-
parable to those issued from previous empirical methods.
Implications on early selection procedures and on opti-
mal selection age are discussed.
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Introduction

The phenotypic expresion of any given trait of a perennial
plant can take different forms in response to time: dis-
crete, repetitive, or cumulative. Height of a tree is a typi-
cal cumulative trait, since successive annual height incre-

ments (AHIs) add up to obtain the final height. The
genetic value for size of a given genotype is the result of
gene action during all previous seasons. From a biologi-
cal point of view, an analysis of growth should therefore
address the clementary unit, which is the annual height
increment.

Silviculturists and tree breeders, however, are focusing
their attention on total height, and not on single incre-
ments. In breeding programs and silviculture, volume
production is an important goal. Among the two compo-
nents of stem volume, total height is less sensitive to
environmental conditions than diameter and has there-
fore been used as a selection criterion for volume growth.
The objective of this paper is to build a model of genetic
age-age correlation of total height based on information
originating from single AHIs, reconciling, as a conse-
quence, both approaches.

Empirical models of age-age correlations have already
been established (Lambeth 1980); these remarkably con-
stant results across species have been confirmed in later
studies (Foster 1986; McKeand 1988). A further step has
consisted of separating the two components of the corre-
lation of height between age t’ and t: variance of height at
age t and covariance between height at age t’ and incre-
ment between t’ and t (Lambeth et al. 1983; Kang 1991).
The approach here subdivides total height into all its
annual components. Age-age correlations are then ex-
pressed as a function of variances and covariances of and
between all single AHIs. Their calculation requires the
following information: (1) correlation between successive
AHIs or serial correlations; (2) evolution of the genetic
coefficient of variation of AHI as a function of age; (3)
phenotypic values of AHIs derived from growth curves.
In addition to the computation of age-age correlations
this approach provides specific insights into the genetic
architecture of height growth.



Description of the model

Total height of trees is a cumulative trait, the result of
successive annual height increments. If Y, is the total
height at age t, then

Y, =X, +X,+ X3+ ... +X, 1)

where X, is the annual height increment during growing
season t.

Consequently, the genetic correlation between two
different total heights at age t and t" depends strictly on
the correlation between the different annual increments
that compose Y, and Y,.. The model that will be devel-
oped is exclusively based on correlations between annual
height increments. It comprises three different compo-
nents.

1) The serial genetic correlation structure, i.e., the varia-
tion of r (X, X,.) as a function of age (t) and of lag between
both increments (t—t'). r (X, X,.) is the genetic (additive)
correlation between annual height increments at age t
and t'.

2) The variation of the genetic coefficient of variation of
the annual height increments (CV (X)) with age t.

Cv (Xt) = (VAt)l/Z/Xt . (2)

V., is the genetic (additive) variance of the annual height
increment at age t. X, is the phenotypic mean value of the
annual height increment at age t.

3) A phenotypic growth model providing the evolution
of X, as a function of t.

For construction of the model we will assume that the
values of the three components are known. The covari-
ance between genetic values of height increment t and t/
can then be written as:

Cov(X, Xt’)z)_(l Xt' CVX) CV(X) (X, X)) (3)

As a result the covariance between total heights at differ-
ent ages t and t' (t' <t) is:

1 t t’
Cov(Y,, Yo)=2 VX)+ 2 ¥ Cov(X; X)) )
i=1 i=1j=1
i#j
t’ 1
+2 X Cov(X,X)).
i=1j=t'+1

The matrix of genetic correlation between any pair of
total heights can now be calculated from the matrix of
covariances given by (4).

Observed data of serial correlation and coefficient
of genetic variation in Maritime pine

Material

A progeny trial comprising 100 open-pollinated families
was used to obtain data on annual height increments.
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The test was established in the fall of 1965. Plantation
rows were separated by 3 m, and individual trees were
separated in the rows by 1.1 meters. The experimental
design was a triple lattice 10* 10 repeated 3 times. Each
plot comprised 10 trees and was established in two adja-
cent plantation rows (5 trees/row). A systematic thinning
was done in 1976 eliminating every second tree in each
row of the plantation. A second systematic thinning was
done in 1987, in which trees in every second row were all
cut. The number of trees per plot that were cut during the
second thinning varied between 2 to 3 depending on the
number of trees left after the first thinning. Trees cut
during the second thinning were used to assess all annual
height increments from the 3rd to the 22nd growing sea-
son.

These increments were measured retrospectively on
felled trees from the 22nd to the 6th growing seasons. The
whorls of branches were used as morphological markers
of the different annual shoots. Intermediate total heights
measured during the fall of 1976 (12th growing season)
were available and used as reference marks for retrospec-
tive measurements of the different annual height incre-
ments. Heights at the end of the 2nd, 3rd, 4th, and 5th
growing seasons were available from contemporary mea-
surements and used to derive height increments.

Data analysis

The experimental design was interpreted as a complete
block design comprising nine blocks. A multivariate two-
way analysis of variance (family and block effects) was
run to obtain the genetic variances and covariances be-
tween the different AHIs. Sibs within the open-pollinated
families were assumed to be half-sibs. Genetic correla-
tions between the different AHIs and the genetic varia-
tion coefficient were estimated from family variances ob-
tained by the analysis of variance:

(X, Xy)=Cove (X, X, J/(Vp (X)) Ve (X )2
CV(X)=(4*Ve(X))'"?/X, .

Covg (X,, X,) is the covariance between family values of
AHI at age t and t'; V(X)) is the variance of the family
values of AHI t. These variances and covariances were
estimated in a non-orthogonal multivariate ANOVA
(general least square method, model Henderson 3; Searle
1971). X, is the overall mean value of AHI, in the progeny
test.

Results

Serial correlation. The genetic correlation coefficients be-
tween annual increments were calculated between all
combination of t and t' from the 3rd to the 22nd growing
season. Mean values of the correlation coefficients were
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Fig. 1. Genetic correlation values between successive AHIs as a
function of the lag separating them (from lag 1 to 15). Dots
represent observed mean values: for lag 1 the dot represents 19
values; for lag 15, only 4 values. Observed values were fit to a
polynomial function (see text)
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Fig. 2. Evolution of the genetic (additive) coefficient of varia-
tion of successive AHIs

then computed for the different lag values between incre-
ments, i.e., from t—t'=1to t—t'=15. For lag 1, 19 differ-
ent combinations were available; the number of combina-
tions decreased to 4 for lag 15. The mean values obtained
are plotted versus lag in Fig. 1. Genetic correlation values
can be seen to decrease constantly with lag, from 0.98 for
lag 1 to 0.03 for lag 12. For larger intervals between
increments, the coefficients stabilized near zero. Annual

increments separated by more than 13 years are no longer
genetically correlated.

Genetic coefficient of variation of annual height incre-
ments. The genetic coefficients of variation of annual
height increments do not follow a particular trend of
variations with age (Fig. 2). The mean value over the 20
annual observations was 3.99%; extreme values were
1.8% and 6%, and these extreme values both occurred
before age 8.

Predictions of age-age correlation for total height
Case study

A series of specific situations corresponding to various
combinations of serial correlation structures, growth
curves, and evolution of additive variance are tested. The
main emphasis is put on the calculation of genetic corre-
lations between total height at age t and total height at
rotation age (50).

Serial correlation structure. Three cases are considered.
In each one we will assume that the value of the genetic
correlation between different annual height increments
depends only on the lag separating the two respective
growing seasons: r(X,, X,) is independent of t, but de-
pends only on (t—t'). \

Case 1 corresponds to the structure observed in the
data set of the progeny test (Fig. 1) and is applied during
the whole rotation age. Genetic correlations between
AHIs separated by more than 16 years are assumed to be
Z€r0.

r(X,, Xy)=0.0039% (t— )2 —0.132* (t—t) +1.079 .

Case 2 is identical to case 1 during the first 16 years;
serial correlations are assumed to be zero during the next
18 years, and then decrease during the rest of the rotation
symmetrically to the first period of 16 years (Fig. 3). This
case refers to the situation where genotypes have a con-
trasting growth pattern between the young and adult
stage. Rapid growers during the first 16 years would sys-
tematically tend to be the poorest growers during their
last 16 years.

Case 3 is a hypothetical pessimistic situation (Fig. 3)
relative to the observed data set. Genetic correlation be-
tween annual height increments reach negative values
according to the following model:

r(X,, X,)=0.00056* (t—t')2 —0.056* (t—t)+0.7 .

Evolution of additive variance. Three different cases are
considered:

— coefficient of genetic variation constant (0.04);
— coefficient of genetic variation linearly increasing over
the whole rotation from 0.02 to 0.06;
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Fig. 3. Theoretical serial genetic correlations between successive
AHIs. — case 2, identical to case 1 during the first 16 years,
---- case 3
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Fig. 4. Phenotypic annual height increments derived from
growth models (Lemoine, 1981, 1991)

— cocfficient of genetic variation linearly decreasing over
the whole rotation from 0.06 to 0.02;

Phenotypic growth model. A growth model developed by
Lemoine (1981, 1991) was used and applied to two differ-
ent ecological and silvicultural situations: (1) humid
sandy moor with fertilization and (2) humid sandy moor
without fertilization (Fig. 4). These two cases are repre-
sentative of the growing conditions of Maritime pine in
the Landes area in the southwest of France.
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Results of predictions (Fig.5)

Genetic correlation between total height at any age and
height at rotation age remains positive in most cases, as
illustrated on Fig. 5. Age-age correlations are negative
only when the additive variance decreases with age and
when the serial correlations attain negative values rapidly
(Fig. 5d—f). Even in these extreme situations, positive
values appear after age 15 (Fig. 5f). The general form of
the curves is convex; as a result, except in the three afore-
mentioned cases, the values of correlations are higher
than those given by the linear relation between age-age
correlations and age. For example, correlations between
age 10 and 50 are always higher than 0.20. Age-age corre-
lations reach their asymptotic value after age 22 in the
most optimistic situation (Fig. 5a) and after age 42 in the
most pessimistic case (Fig. 5f).

Among the three causes of variation, serial correla-
tion structure and evolution of additive variance have the
more pronounced effects on age-age correlations.

Variation due to the serial correlation structure. Important
differences in age-age correlations can be observed de-
pending on the different serial correlation structures used
in the simulations. The range of variation depends on the
level of additive variance and the phenotypic growth
model. In the most optimistic situation, corresponding to
the combination of decreasing genetic variance with age
and favorable environment (Fig. 5a), correlations be-
tween age 10 and age 50 vary between 0.616 and 0.764.
On the contrary, in the most pessimistic situation
(Fig. 5f), corresponding values range between —0.339
and 0.446.

The differences in age-age- correlations between case
1 and 2 of the serial correlation structure are rather mi-
nor, whatever the value of the other parameters. Nega-
tive correlations between increments during the extreme
early and late growth phases (case 2, Fig. 3) reduce only
slightly the age-age correlations compared to the situa-
tion where correlations between extreme phases are zero
(case 1). In general, differences are more important be-
tween the two first cases (Fig. 1, case 2 in Fig. 3) and the
third case (case 3, Fig. 3) of the serial correlation struc-
ture.

Variation due to the evolution of additive variance. Age-age
correlations rapidly reach high values when genetic vari-
ance is decreasing with age. The correlation between
height at age 10 and 50 is 0.764 when the serial correla-
tion structure corresponds to our data set (case 1) and is
on the fertilized site (Fig. 5a). Corresponding values in
similar situations are 0.672 when the additive variance
remains constant (Fig. 5¢) and 0.501 when the additive
variance increases with age (Fig. 5¢). Differences are
more important when serial correlations become nega-
tive rapidly (case 3, Fig. 3): values of correlations between
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Fig. Sa—f. Genetic correlations between total height at current age and total height at rotation age. a, ¢ and e Humid site with
fertilization; b, d and f humid site without fertilization; a and b genetic variation decreasing with age; ¢ and d genetic variation
constant; e and f genetic variation increasing with age. Serial correlation (case 1, see Fig. 1), ---- serial correlation (case 2, see
Fig. 3), ———serial correlation (case 3, see Fig. 3), -+ - Lambeth’s empirical law. Numbers in each graph represent genetic correlations
between height at age 10 and height at rotation age (50)




height at age 10 and 50 are respectively 0.666, 0.436, and
—0.136 when the additive variance is successively de-
creasing, constant, and increasing with age (Fig. 5a,c,e).

Variation due to the phenotypic growth model. Age-age
correlations are systematically higher in the more favor-
able environment, although the differences remain small
(compare between Fig. Sa,c,e with Fig. 5b,d,f, respec-
tively). This is due to the higher yearly growth increment
during the first 20 years in the fertilized sandy moor
(Fig. 4). If juvenile growth is improved by silvicultural
means and other factors do not vary (serial correlation
structure and genetic control), age-age correlations will
tend to be increased.

Comparison with Lambeth’s empirical law. Age-age corre-
lations derived from Lambeth’s empirical law (Lambeth
1980) generally reach their asymptotic values less rapidly
than our curves. The former tend to be lower when the
additive variance is decreasing with age (Fig.5a,b),
higher when the additive variance is increasing with age
(Fig. 5¢,f), and intermediate to ours when the additive
variance is constant with age (Fig. 5¢,d).

Discussion
Serial correlation structure

Genetic correlation between successive annual height in-
crements decrease with the lag separating the increments,
reaching zero after 13 years. A similar pattern has been
observed at the phenotypic level (Lemoine 1981). It has
been suggested that positive genetic correlations between
height growth in successive seasons are due to pleiotropy
rather than linkage (Atchley 1984). A given set of genes
affects growth and is progressively modified with time;
after each season a portion of the set is replaced. As a
result, after 13 years in the case of maritime pine, the
original set has been totally modified. The results we
obtained may be interpreted by this scenario.

No negative genetic correlations between annual
height increments were observed during 16 successive
years, indicating the absence of compensatory growth
(Atchley 1984). Therefore, a strong inertia in the growth
process exists in pines compared to other organisms.
Riska et al. (1984) found no significant relationship be-
tween successive weekly weight gains in mice. Compensa-
tory growth may exist, but only between growth separat-
ed by more than 16 years. The present study lacks the
data to evaluate compensatory growth between extreme
phases of the growth curve as has been observed in other
organisms (Riska et al. 1984). However, results at the
phenotypic level show that serial correlations remain
positive in maritime pine even in the extreme case when
the lag extends the whole rotation period (Lemoine 1981).
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Evolution of the additive variance

Additive variance of AHI did not exhibit any particular
time trend when expressed as a coefficient of variation.
Over the first 22 seasons, the variation observed was
rather random. While numerous references exist on time
trends on genetic parameters on total height (Kremer
1981; Foster 1986; Cotterill and Dean 1988; Kremer and
Lascoux 1988), observations on increments are scarce. In
most of these studies time trends were analyzed during
the early phase of growth until age 20. The results were
consistent and showed a constant increase in additive
variance and heritability of total height. This would be
expected if the coefficients of variation of additive effects
of single AHIs remain constant over successive years.

Results over a longer period of time (Namkong et al.
1972; Namkong and Conkle 1976) were summarized by
Franklin (1979). Time trends were interpreted to be con-
sequences of stand development. On four different species
(Pinus ponderosa, Pseudotsuga menziesii, Pinus taeda, and
Pinus elliottii) heritability values and additive variance of
total height remained low during the early phase of a
stand when no competition existed between the trees.
They then constantly increased while the trees developed
and competition for light occurred between the crowns.
Later on during the last phase, the growth curves of the
different genotypes reached their asymptotic value and
heritability values decreased as a result of compensatory
growth. In Franklin’s interpretation the decrease in heri-
tability values is due to the decrease in additive effects
rather than to the increase in the phenotypic variance. As
a result one would expect that, on an annual increment
level, the additive genetic variance diminishes during the
end phase of the stand.

Selection for height growth

The model that was developed can be used as a guideline
for identifying selection age in tree breeding programs.
The results show that genetic correlations between
heights assessed after age 15 and height at rotation age
are always positive. However, in most of the cases consid-
ered, the values were already high when assessments were
made at age 10, which corresponds to the routine assess-
ment deadline in Maritime pine (Baradat and Pastuzka
1990). Previous determinations of optimum selection
ages were based on empirical results, Values varied be-
tween 6 and 8 years in rapidly growing pines [McKeand
(1988) for Pinus taeda; Cotterill and Dean (1988) for Pinus
radiata]. For species cuitivated over a 40-year rotation
the optimum selection age was found to be 8 years (Lam-
beth 1980).

Age-age correlations derived by the proposed model
support earlier results based on empirical methods (Lam-
beth 1980). In addition, because the model identifies three
important components contributing to the age-age corre-
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lations, further improvements in early selection proce-
dures can be suggested. It is shown that age-age correla-
tions are mostly dependent on the serial correlation
structure and on the evolution of additive variance with
age. The phenotypic growth model has only a slight im-
pact. However, the effect of the serial correlation struc-
ture can be efficiently reduced when experiments are con-
ducted under optimal conditions (fertilized sites) and
when the additive variance is decreasing with age. Our
results therefore suggest the establishment of progeny
tests in favorable environmental conditions and with so-
phisticated experimental designs where high heritability
values can be obtained.

Although particular attention was addressed to ge-
netic correlations between height at any age and height at
rotation age, the model can also be applied for predicting
correlations between heights at any two stages. Extension
of the model could be derived to include genotype-envi-
ronment interaction. The introduction of G*E effects
could be accomplished by computing serial correlations
between couples of environment as developed by Yamada
(1962) and Burdon (1976). As a result correlation could be
computed between height at age a in environment ¢ with
height at age a’ in environment ¢'.
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