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Abstract

Data from an eastern  cottonwood clonal mixing study in MissisGppi  and Kentucky. USA. were used to test the effects of

plant ing location\ and genetic\ (c lonal  proport ion\)  on  height&age and heightkdbh functions. Planting locations. which

accounted for 5.65: of the variation 111 obervetl  dominant height growth ( /> = 0.0001 1. were more important than clonal

proportions. V, hich accounted for onl) I .O’% of the variation ( p = 0.0077). Interactions between clones in mixtures were not
\ignil’icant ( p = 0.9  17X). hut thy-w ca\e\ of 01 w and undcrcompenaatit,n  paralleled those observed for basal area. Planting

locat ion\  wt‘re a~aociatcd  with difference\  in maximum height in the height-dbh funct ion and clonal proport ions were
as\oclated uith difference\ in height of tl-ccj wtth \maIIc‘r than average dhh Although statistically significant, the effects of

planting location and clonal proportion Mere  not important enough to incorporate  into the final height-&h  model. 0 1998
El\e\ier Science B.V.

1. Introduction

Many 01‘ the forest plantations in North America
have been established with genetically improved
plantin g stock with no means to verify expected
genetic fain. In d cli~ i~ iii. 2 fitndumcntal undcrstan&

in: of intergcnotypic competiCon and  the  ro l e  o f
genetic diversity in forest ecosystem function is lack-
ing. Theoretical studies point to a potential advan-
tage from some level of genetic diversity in forest
stands (Libby, 19X2:  Roberds ct al., 1990). but em-
pirical studies (Williams et al., 1983; Markovic and
Hcrpka, 1986; Tuskan a n d  v a n  Bui.jtcnen,  1986)
suggest a range of potential results. Growth and yield
tnodels are needed to assess and verify the long-tertn
biological and cconotnic impacts of tree improve-
tnent programs and deployment strategies for geneti-
cally improved families or clones. Modeling ap-
proache<  could also be used to compare growth in



pure and mixed genotype plots, to identify different
patterns of stand development. and to screen future
genotypes.

Generally. growth models with interrelated com-
ponents have been used to account for genetic differ-
ences. Only one function may need to be modified in
order to incorporate genetic differences in growth
models with interrelated components, whereas sev-
eral functions may need to be modified in growth
models with unrelated component equations (Burk-
hart and Matney, 1981).  As a result, research has
focused on incorporating genetic differences  into
height-age functions (Nance and Wells, 1981;  Bu-
ford and Burkhart. 1985,  1987: Sprinz, 1087;  Knowe
and Foster. 1989)  and height-diameter functions
(Buford and Burkhart. 1985,  1987; Buford. 1986)
because of their utility in expressing stand structure
and dynamics in forest growth models.

Research involving large plots of similar gcnctic
composition suggests that the basic growth rclation-
ships are similar among loblolly pint (Pirllrs  ttrrdrr
L.) seed sources and families. Golden et al. (198 I)
detected variations in height growth patterns among
seed sources but determined that the differences
were not of practical importance. Nance and Wells
(1981) and Buford and Burkhart (1985,  1987)  dc-
tected significant differences in level (site index) but
not shape (slope) of height-age profiles. Buford and
Burkhart (1985,  1987)  and Buford (1986)  reported
similar results for height-diameter functions. Using
more llexible models. differences in height growth
patterns have been associated with loblolly pine seed
sources (Sprinz, 19X7)  and half-sib families (Knowc
and Foster. 1989).

Table I

Despite the need, very little growth and yield
information is available for improved stands of
species other than loblolly pine. For eastern  cotton-
w o o d  ( Po~~~t1rr.s  dcltoides  Bartr.).  height-age  curves
(Cao and Durand, I99 I a) and a system of compatible
basal arca  and volume growth and yield equations
(Cao and Durand, 199lb)  have been developed for
improved stands. Also, a diameter distribution pre-
diction approach that accounts for specific clones
and mixtures has been developed (Knowe et al.,
1994). Foster ( 1985)  showed that clones within stands
accounted for I 1% of the total variation in height at
age I and 37% of the variation at age 7 for eastern
cottonwood in Mississippi. This suggests that
height-age and height-diameter models may need to
account for specific clonal differences. The objective
of this study was to develop equations for height-age
and height-diameter relationships applicable to both
monocultures and mixtures of eastern cottonwood
clones.

2. Methods

Details of the eastern  cottonwood clonal mixing
study are given by Knowe et al. (1994).  The study
was established in 1984  on two randomly-sclccted
sites near Fitler, MS (33”N, 9l”W) and Wickliffe.
K Y  (37”N,  89”W),  and included seven randomly-
selected clones originating from northeastern Texas,
northwestern Louisiana. and between Vicksburg and

I ST231 I\\aquena  Co.. MS X X

2 S7Cl Brarw Co.. TX X X

3 s7c-I Bram\ Co.. TX x X

4 S7c‘8 Bra/o\ Co.. TX i

5 ST75 Iswquena Co.. MS
6 ST23X Boli\ar Co.. MS
I ST6h I\\acltm~  Co.. MS
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Greenville, MS (Table I). Although widely-sep-
arated geographically, the planting locations are typi-
cal of eastern cottonwood sites along the Mississippi
River and are similar with respect to soil texture and
fertility, precipitation, length of growing season, site
preparation, and post-planting cultural treatments.

Each location included four randomized complete
block replications of 22 plots of 36 measurement
trees (with an internal border row) in a replacement
series arrangement: seven monoculture plots; 14 bi-
nary mixture plots representing a subset from a
partial diallel mixing design; and one all-clone mix-
ture plot with all seven clones at equal proportions.
Each binary mixture was represented by two plots:
75%  of clone A and 25%  of clone B and 25% of
clone A and 75% of clone B. Clones in mixtures
were randomly assigned to planting spots in each
plot (i.e. noncontiguous clone plots). One clone in
the all-clone mixture included an extra tree that was
excluded from the present analyses. To insure ade-
quate survival, two SO-cm long unrooted cuttings
were planted at each planting spot and thinned to one
tree per planting spot in August. 1984. Measure-
ments of total height and dbh were obtained for the
interior 36 trees (0.047 ha) at the end of the second,
third, and fourth growing seasons. Virtually all of the
mortality occurred during the first two growing sea-
sons.

When developing height-age curves, Curtis et al.
(1974) recommended using either a fixed number of
trees per acre or a fixed percentage of surviving trees
to calculate average dominant height (H). In similar
studies, dominant height has been based on the taller
two-thirds (Nance and Wells, 1981) and the taller
one-half (Boyer, 1983: Golden et al., 1981; Knowe
and Foster, 1989; Knowe, 1994) of surviving trees at
each age. Buford and Burkhart (1985, 1987) desig-
nated the tallest 2.50 trees/ha (100  trees/at)  as
dominant height. For the present study, H was de-
fined as the average height of the taller one-third of
surviving trees at each age, which is equivalent to
the tallest 250  trees/ha.

Two mathematical models that have been used to
describe height growth patterns were considered for
the eastern cottonwood cional  mixing study. The

nonlinear form of a logarithmic model used for
loblolly pine by Nance and Wells (198 1) and Buford
and Burkhart (1985, 1987),  is shown as an algebraic
difference formulation (Borders et al., 1984) ob-
tained by assuming that the asymptote defines curve
shape:

H, = H, exp{  /3(  A;’ -A;‘)}  + E (1)
where H, = dominant height (m>  at end of growth
period, H, = dominant height (m> at start of growth
period, A, = plantation age (years) at end of growth
period, A, = plantation age (years) at start of growth
period, p = rate of height growth, and E = random
error.

An exponential growth model developed by
Richards (1959) has been used for loblolly pine by
Sprinz (1987) and Knowe and Foster (19891,  for
Douglas-fir (Pseudorsuga  men~iesii  [Mirb.] France)
by Knowe (1994),  and for red alder (Alms  rubru
Bong.) by Knowe and Hibbs (1996). The algebraic
difference formulation (Borders et al., 1984) ob-
tained by assuming that the asymptote defines curve
shape is:

H2=H,
(

1 - exp( -PA?) '
1  -exp(-@A,)  +&I

(2)

where 8 = shape parameter and other terms are as
previously defined. In both of these functions, the
rate parameter ( p) determines how rapidly the
asymptotic height is approached, with larger values
resulting in rapid attainment of maximum height.
The shape parameter in Eq. (2) determines the de-
gree of curvature; values equal to 1.0 indicate that
maximum growth rate occurs at young ages and
declines linearly; larger values indicate sigmoid
growth patterns. Replacing H, with site index (S)
and A2 with base age (A,) produces an equation for
predicting either dominant height or site index. De-
sirable features of these equations are any base age
for site index may be selected, each curve has an
implied asymptote, and H, = S when A, =A,.

Eastern cottonwood measurements obtained be-
tween ages 2 and 4 were arranged into a single set
consisting of two nonoverlapping growth intervals
(2-3 and 3-4). According to Borders et al. (1988),
real growth series from remeasured plots or trees are
less likely to have problems with serial correlation



Table 2
Comparison of height-age models for eastern cottonwood in a clonal mixing study

Equation and model“ R’ &iiE ph.) &.e.)

(1) H,=H, exp(p(A;’ -A;‘)} 0.7812 2.47 - 2.577666 (0.026999) -
(2) H, = H,((l - exa(-BA,))/(l  - ~xD(-BA,)))~ 0.7842 2.46 0.619186 (0.030615) 2.524839 (0.13.5079)

Equation numbers correspond to those used in text.
*H, = dominant height (m) at end of growth period, H, = dominant height (m) at start of growth period. A ? = plantation age (years) at end
of growth period, A, = plantation age (years) at start of growth period, p = rate parameter, and H = shape parameter.

when the data are arranged in non-overlapping growth
intervals rather than all possible intervals. Prelimi-
nary regressions were obtained by fitting both
height-age models to pooled data for all locations,
monocultures, and mixtures combined. Both models
accounted for about 78% of the variation in height
growth (Table 2). However, projected heights at age
10 were appreciably less for Eq. (2) than those
obtained by using the model developed by Cao and
Durand (199la)  and Eq. (1) (Fig. 1).  Therefore, Eq.
(1) was selected for additional testing of planting
locations and clonal differences.

The hypothesis of planting location and genetic
effects on the rate parameter ( p> of eastern cotton-
wood height-age model was explored by calculating
additional sum of squares between full and reduced
regression models (Neter et al., 1985). Differences in
the rate parameter due to planting locations were
tested by incorporating an indicator variable for the
Kentucky location.

P, = PO + PO, L

where L = 0 if Fitler, 1 if Wickliffe. Polymorphism
among clones and mixtures was incorporated using

cm)25

0
0 1 2 3 4 5 6 7 8 9 10 11

Plantation Age (years)

Fig. I. Comparison of height-age curves developed for eastern cottonwood plantations in Mississippi and Kentucky. USA. Equation
numbers refer to equations used in text.



the proportion of each clone in monocultures or
mixtures.

P, = PC, + c P, P,

where p, = proportion of the i’h clone in monocul-
ture or mixture at time of planting. and Cf= , i’, 5 I .O.
PO  represented the rate parameter for all clones
combined and the /3(‘s represented adjustments to PO
for the proportion of the i”’ clone in mixture. An
important implication of this formulation is that in-
teractions between clones in mixtures are expressed

by the linear function of proportions when & is
included in Eq. (I). The combined effect of planting
locations and clonal proportions was incorporated as
follows:

with terms as previously defined. Interactions be-
tween proportions of specific clones in mixtures
were incorporated by using the expression developed
by Knowe et al. ( 1994) for basal area predictions:

The /3, parameters represent the effect of clones in
monocultures or mixtures and the p,, parameters
represent the interactions with other clonal propor-
tions in mixtures. For example, the parameters p,,
and p,5 represent adjustments of clone ST244 ac-
cording to the proportion of clones S7C8 ( I,~) or
ST75 ( ps) in mixture. The sign of each p,, parame-
ter indicates overcompensation if positive and under-
compensation if negative. Equations incorporating
planting locations, clonal differences, and interac-
tions were compared to Eq. (I> as the reduced model.
Additional comparisons were made for testing the
significance of incorporating clones to the model
with planting locations and for incorporating interac-
tions between clones in mixtures to the model with
planting locations and clonal proportions.

2.3. Atml~sis  qf‘height-diameter  rrlatiorzships

Both age-dependent and age-independent expres-
sions for tree position with respect to its competitors
have been shown to be important in modeling height
growth of Douglas-fir (Ritchie and Hann, 1986; Hann
and Ritchie, 1988; Knowe. 1994). A height-diame-
ter model developed for loblolly pine by Borders and
Patterson (1990) and subsequently applied to young
Douglas-fir by Knowe (l994),  based on dominant
height and relative diameter, was considered for
eastern cottonwood.

h, = A, H{ 1 - AL exp[ -h3(  c/,/DJ]}  + & (3)
where h, = height of ilh tree (ml, H = dominant

height (m),  d, = dbh of ith tree (cm>, and Dq =
quadratic mean dbh (cm).  Advantages of this func-
tion are its flexibility and compatibility with stand
functions for dominant height, basal area, and sur-
vival. A, expresses the maximum height as a func-
tion of dominant height, with larger values indicating
taller maximum tree heights. h, is the lower asymp-
tote, with large values indicating shorter trees at
small diameters and small values indicating taller
trees. A3  indicates the rate at which the asymptotic
height is attained, with large values indicating that
maximum tree height is rapidly approached. Relative
diameter (L/,/D,)  in these functions expressed the
position of each tree in the stand. Values of relative
diameter less than I .O indicated trees that were
smaller than average; values greater than 1.0 indi-
cated trees that were larger than average. The
height-diameter pairs for individual trees and the
corresponding quadratic mean diameters and domi-
nant heights on all plots, locations, and measurement
ages were combined into a single dataset for analy-
ses.

The hypotheses of different height-diameter rela-
tionships for locations and clones were tested by
expressing each parameter as a function of indicator
variables or clonal proportions.
A,, = A,,, + A,, L

A,< =  i A,,P,
,= I

with variables as previously defined. Residual sum
of squares for full and reduced regression models
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were compared (Neter et al., 1985) by using Eq. (3)
as the reduced model.

3. Results

3.1. Height-age function

Incorporating an indicator variable for planting
locations into the rate parameter ( /3,) was significant
(p = 0.0001) and accounted for 5.6% additional
variation in height growth (Table 3). Clonal propor-
tions ( p,) was also significant (p = 0.0077) and
accounted for about 1% additional variation in height
growth. Inclusion of both planting locations and
clonal proportions into the rate parameter ( p,,)  was
significant (p = 0.0001) and accounted for 6.6%
additional variation in height growth, which is
slightly more than the additive effects. Comparison
of the mode1 with both planting locations and clonal
proportions in the rate parameter to the model with
planting locations alone indicated that the addition of

& = 2 562862 +  0 513454L -. O.l9 X376,>,  0 ?X6YY7/lI

( 0  0 7 7 8 4 9 ) ( 0  045648) ( 0  IOflh 42) (0 102157)

3.2. Height-diameter function

For all three parameters of the height-dbh func-
tion, incorporating indicator variables for planting
locations or clonal proportions into the parameter
( /3,) were significant ( p = 0.0001) but accounted for
less than 0.02% additional variation in height (Table
4). Planting locations were associated with differ-
ences in maximum height (h, ), suggesting that trees

clonal proportions was significant ( p = 0.0011). The
model with interaction between clones in mixtures
was significant ( p = 0.000 1) and accounted for 6.7%
of the variation in height growth. However, compari-
son of the model with interaction terms in the rate
parameter to the model with both planting locations
and clonal proportions indicated that the addition of
interactions was not significant ( p = 0.9178). Al-
though different height growth rates were associated
with certain clonal interactions, these differences
were much less important than those associated with
planting locations and clonal proportions. The mag-
nitude and sign of parameter estimates suggests un-
dercompensation in mixtures involving ST75 and
either ST238 or S7Cl and overcompensation in mix-
tures involving S7C4  and ST238. These patterns of
interactions in the height-age function are identical
to those observed in a basal area prediction function
developed for this study (Knowe et al., 1994).

The parameter estimates and standard errors (s.e.)
for the height-age function are:

0  3189 6Opa - 0 3459 ”9 ,‘, 0  43l640,,, 0 073135,~ ,,

(0 11159 1) (0 1 1 0 7 1 1 ) (0 I”h 124) (0 IOiX17)

of the same relative diameter are slightly taller at the
Mississippi location than at the Kentucky location.
Clonal proportions were associated with differences
in lower asymptote (h,). The estimated parameters
suggested that, for trees with smaller than average
dbh in stands with the same quadratic mean dbh and
dominant height, clones ST75,  ST244, and S7C8 are
slightly taller than the other clones and that clone
S7Cl trees are slightly shorter. The differences in

Table 3
Explained variation (I?‘) and partial analysis of variance for testing the effects of planting locations and clonal proportions on rate of height
growth in the height-age function for eastern cottonwood

Model R? Partial R2 4f SSE F Prob. > F

Reduced 0.7812 348 2124.23
Planting locations ( pi) 0.8372 0.0560 347 1580.61 1 19.477 0.000 I
Clones ( p, 1 0.7909 0.0097 342 2029.68 3.200 0.0077
Locations and clones ( p,,) 0.8474 0.0662 341 1480.96 24.703 0.0001
Locations and interactions ( &,) 0.8486 0.0674 334 1469.48 10.629 0.0001



Table 4
Explained variation (R’) and partial analy~  ot vw~ancc tar testing the effects of planting location\ and clonal proportions on parameters of
the height-diameter function for eastern couonwood

Model Partial R’ 4f S S E Prob. > F

Reduced 0.9498

A~ y~ piotc  (h  I i
Plantinf  Iocatlon.\  (A,,)
Clonal proportions ( h,L )

0.9499 0.000 I
0.0499 0.000 I

Lm w r irs\ m ptolr (A, J
Planting locations (h2,  )
Clonal proportion% (A, )

0.9398 0.000 I
O.Y500 0.0002

Rue  (h , 1
Plantmg Iocat~on\  (A,, )
Clonal proportions (A,, 1

0.9399 0.000 I
0.9499 0.000 I

height-dbh relationships may reflect differential re-
sponses to changes in light quality and quantity
(Ballare et al., 1990, 199  1).

The final height-dbh function is as follows:

h, = 1.266103H{  1 - 0.973 136

Xexp[ - l.S67133(d,/2$)])

The standard errors are 0.008440, 0.014526, and
0.040366. respectively.

4. Discussion and conclusions

Unlike the studies involving loblolly pine families
(Sprinz,  1987; Knowe and Foster, 1989) and compe-
tition control treatments in young Douglas-fir planta-
tions (Knowe, 19941,  the more flexible Richards
(1959) function did not provide a substantial im-
provement in fit over the simpler exponential func-
tion to the height-age data for eastern  cottonwood
clones. In the present study, both equations resulted
in similar patterns of residuals and R’ values. How-
:ver, the nonlinear form of the logarithmic function
provided more realistic estimates of dominant height
when extrapolated beyond the range of observed
Iges.  Furthermore, using the less-flexible nonlinear
Form of the logarithmic function did not preclude
detecting  significant differences among eastern cot-
onwood clones, as reported for loblolly pint  seed
sources  and families by Nance  and Wells (198 I),

1660’) 7025.76

1660X 70 16.54 21.822 0.0001
16603 7014.36 4.407 0.0002

16608 7023.75 7.1 I7 0.000 I
16601 6Y96.03 1 I .75X 0.000 I

I6 608 7019.93 13.7Y2 0.000 I
I 6 603 7007.97 7.024 0.0001

Buford and Burkhart (1985, 19X7),  and Buford
(1986).

Based on the proportion of explained variation,
differences in planting locations appear to be more
important than clones (genetic variation) in determin-
ing height growth patterns of eastern cottonwood.
However, the planting locations were widely sepa-
rated, which may have exaggerated the differences in
planting locations compared with more similar sites.
When compared to planting location effects, differ-
ences in height growth patterns among the seven
eastern cottonwood clones were relatively small.
When selecting superior genotypes or in evaluating
the long-term consequences of genetic deployment
strategies, slight differences in height growth pat-
terns may reflect important differences in stand dy-
namics. Therefore, differences in growth patterns
should be recognized even though differences in
predicted heights are relatively small. In addition, the
clonal mixing study included only seven clones, all
of which were randomly selected from an opera-
tional tree improvement program. Hence, a larger
sample might include a greater range in growth
response. Eastern cottonwood is a monoecious
species, but no differences between sexes have been
observed in growth traits (Farmer, 1964; Ying and
Bagley, 1976).

As with basal area and diameter distribution pre-
diction models (Knowe et al., 19941,  interactions
between proportions of specific clones in binary
mixtures were not statistically significant in either
the height-age or the height-dbh functions. The



clones that exhibited over- and under-compensation
in the basal area prediction model (Knowe et al.,
1994) exhibited similar trends in the height-age
function. This suggests that intergenotypic competi-
tion may affect both allometric relationships and
stand dynamics. For that reason, modification of
only one function in forest growth models involving
interrelated components may not always be adequate
for incorporating genetic differences.

As with the height-age function, differences in
the height-diameter function were small. This is in
general agreement with results obtained for loblolly
pine families (Buford and Burkhart, 1985, 1987;
Buford, 1986) and competition control treatments in
young Douglas-fir plantations (Knowe, 1994). Plant-
ing locations were associated with differences in
maximum height, reflecting the impacts of environ-
mental variation on height-age curves. Clones were
associated with differences in the height of trees with
smaller than average diameter. Taller trees at high
levels of interclonal competition may indicate reallo-
cation of photosynthate to shoot growth at the ex-
pense of cambial growth because of competition
(Waring, 1987). Another possibility is an escape
mechanism from competition (Ballare et al., 1990,
1991). A photomorphic response may occur in trees
as a result of changes in light quality (ratio of red to
far-red light) and quantity (reduction of photons in
the red and the far-red wavelengths).
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