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Abstract  Quantitative analysis of genetic covariances was 
used to identify the critical morphological components of 
wood productivity and to evaluate the efficiency of indi- 
rect selection for these components at the four levels of bi- 
ological organization, (1) leaf, (2) branch, (3) main stem, 
and (4) whole-tree, in 4-year Populus deltoides x P. simo- 
nii and P. deltoides x P. nigra F 1 progeny. A total of 44 
morphometric traits measured at the four organizational 
levels showed varying genetic associations with produc- 
tivity, variations being dependent on traits, developmental 
processes (current terminal, sylleptics, and proleptics), and 
hybridization combinations. Most of the leaf and branch 
traits on the current terminal and/or sylleptic branches had 
higher genetic correlations with stem-wood volume than 
those on proleptics, which resulted in larger indirect selec- 
tion responses in volume, especially in D x S progeny. In- 
direct clonal selection on leaf size and area, branching ca- 
pacity, and branch angle at age 4 years was expected to 
generate 10-35% more genetic gain per year in 6-year vol- 
ume than direct selection on 6-year volume in the D x S 
progeny. The efficiency of indirect selection on the num- 
bers of different order branches and bifurcation ratio was 
greater than 1.0 relative to that for direct selection for stem- 
wood volume in the D xN progeny. Under the pressure of 
artificial selection for superior volume production, with 
the proportion selected=15%, the two F 1 progeny popula- 
tions exhibited distinct evolutionary divergence in tree 
geometry. The high-yielding D xS clones displayed a de- 
current-like crown with strong apical dominance, whereas 
the crown ideotype for the high-yielding D xN clones was 
found to be excurrent-like and sun'ounded by dense foli- 
age and branches. 
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Introduction 

The major task of woody crop physiogenetics is to iden- 
tify key components of productivity (Nelson et al. 1981; 
Ceulemans 1990; Ceulemans et al. 1990, 1992; Hinckley 
et al. 1989; Scarascia-Mugnozza 1991) and to incorporate 
them into genetic improvement programs (Greenwood and 
Volkaert; 1992; Wu 1994). The structural-functional rela- 
tionships of yield components can be understood at differ- 
ent levels of biological organization: (1) leaf, (2) branch, 
(3) main stem, and (4) whole tree (Ceulemans 1990; Hinck- 
ley et al. 1992; Wu 1994). Branch and leaf architecture 
form the structural basis for photosynthesis and related 
metabolic processes at the whole tree level (Dixon 1990), 
and much of the variation in productivity can be explained 
by the geometry of branch and leaf placement (Horn 1971; 
Isebrands and Michael 1986). However, the influences of 
these morphological components on productivity have 
been phenotypically rather than genetically investigated in 
current studies (Ceulemans et at. 1990, 1992; Isebrands 
and Nelson 1982; Isebrands et al. 1988). Many of these 
studies also ignore the role of possible differences in phys- 
iological or physical properties, and thus, in the genetic ef- 
fect on productivity, among leaf and branch traits on dif- 
ferent developmental processes of a tree crown, i.e., cur- 
rent terminal, syllepsis, and prolepsis (see Wu 1994 for de- 
tailed discussion of this; Hall6 et al. 1978; Tomlinson 
1983). Indeed, an understanding of such differences from 
a quantitative genetic perspective could provide useful cri- 
teria for selecting high-yielding genotypes in forest crops. 

As part of a broader study on the production physiolog- 
ical genetics in Populus short rotation intensive culture 
(SRIC), a previous study documented numerous morpho- 
metric traits at the four different organizational levels de- 
scribed above and their discrepancies in trait value, genetic 
control, and selection response across developmental pro- 
cesses and hybridization combinations (Wu 1994). How- 
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Table 1 Descriptions and ab- 
breviations of the 44 morpho- 
metric traits at four different 
levels of biological organiza- 
tion underlying tree geometry 
in a 4-year SRIC poplar (CT 
current terminal, SYL sylleptic 
branch, PRO proleptic branch) 

Trait Abbreviation Description 

(1) Leaf level 
Single leaf area SLA 
Petiole length PL 
Cumulative leaf area CLA 
Midrib angle MA 
Lamina angle LA 

(2) Branch level 
Branch number BN 
Cumulative branch length CBL 
Single branch length SBL 
Branch diameter BD 
Branch angle BA 
Internodal length IL 
Second-order branch # SBN 
Third-order branch # TBN 
Bifurcation ratio R b 

(3) Main stem level 
Height HT 
Diameter at breast height DBH 

Averaged over CT, SYL, and PRO 
Averaged over CT, SYL, and PRO 
Summed over CT, SYL, and PRO 
Averaged over CT, SYL, and PRO 
Averaged over CT, SYL, and PRO 

Summed over SLY and PRO 
Summed over SLY and PRO 
Averaged over SYL and PRO 
Averaged over SYL and PRO 
Averaged over SYL and PRO 
Averaged over SYL and PRO 
Summed over SYL and PRO 
Summed over SYL and PRO 
Averaged over SYL and PRO 

4-year total height growth 
4-year total radial growth 

Taper TR 
Straightness ST 
Apical dominance AD 
Branch zone BZ 
Apical control AC 

(4) Whole tree level 
Crown total volume CTV 
Crown effective volume CEV 
Crown effective surface area CES 
Crown shape CS 

1 - ratio of diameter at 6 m height to DBH 
Straight degree of the bole (0-10 scale) 
Main stem height from the last SYL to tree tip 
Main stem height from the first PRO to last SYL 
Main stem height from the ground to first PRO 

Estimated by the conic volume equation 
CTV - inner crown volume without foliage 
Estimated by the conic surface equation 
Ratio of HT to crown diameter 

ever, further informat ion about genetic correlations is cru- 
cial in order to determine the possibil i ty of indirect selec- 
t ion on tree geometry for improving desired traits such as 
s tem-wood productivi ty (Falconer 1989). Moreover, such 
information would be useful  when exploring the physio- 
logical mechanisms that underl ie productivi ty and trait ev- 
olution and the methods by which the materials can be ma- 
nipulated genetical ly and envi ronmenta l ly  (Hinckley et al. 
1989; Hodge and White 1992). For example, Ceulemans 
et al. (1990) and Dunlap (1991) asserted that sylleptic 
branches might play a more critical role in superior vol- 
ume growth than proleptic branches.  The fast-growing 
Populus trichocarpa clones from a mesic drainage in 
Washington (USA) allocated a higher proportion of leaf 
area to sylleptic branches than did s low-growing clones 
from a xeric drainage (Dunlap 1991). If the relative advan- 
tage of sylleptics over proleptics is genetically confirmed, 
one can expect enhanced genetic gain for s tem-wood vol- 
ume by selecting for sylleptic traits (see Namkoong 1979; 
Zobel  and Talbert 1984). 

The objectives of the study presented here were to (1) 
elucidate the genetic associations of 4-year tree morpho- 
logical traits at the leaf, branch, main  stem, and whole tree 
level, as described in Wu (1994), with s tem-wood volume 
growth at the same and subsequent  ages in Populus del- 
toides• simonii and P. deltoidesxP, nigra F 1 hybrid 
progeny; (2) estimate indirect responses to selection on tree 
geometry and the relative efficiency of indirect selection 
over direct selection on stem-wood volume itself; and (3) 

explore the physiological  basis of juveni le  selection for 
mature volume. Of equal interest is the comparison of ge- 
netic correlation with volume and efficiency of indirect se- 
lection across traits, developmental  processes, and hybrid- 
ization combinat ions.  

Materials and methods 

The interspecific hybridizations were developed to exploit hybrid 
vigor or heterosis between Populus deltoides (D) and P. simonii (S) 
as well as P. deltoides and P. nigra (N) (Wang et al. 1991). The ori- 
gins of the parents for the two cross combinations have been de- 
scribed in Wu et al. (1992). Throughout two successive seedling and 
clonal selection on superior growth and paternal characteristics, 20 
D • S and 14 D xN hybrid clones were used to conduct physiogenet- 
ic studies on yield breeding for Populus short rotation culture. In 
spring 1984, a replicated plantation of these selected clones, as well 
as of the common female parent clone P. deltoides 1-69 and a stan- 
dard Euroamerican poplar clone 1-214, was established with 1-year 
rooted stocks in a temperate region of China. The experimental plan- 
tation used a randomized complete block design with three replicates 
and a four-tree square plot at a spacing of 6.0• m and was sur- 
rounded by two border rows. 

In 1987 intensive morphometric measurements were done on a 
tree chosen from each plot at random for all clones. For a 4-year hy- 
brid poplar, two types of branches, sylleptic and proleptic, are alter- 
nately distributed on the main stem, by means of a morphological 
development process described in Wu (1994). Sylleptic and prolep- 
tic branches result from the continuous or discontinuous develop- 
ment of a lateral from a terminal meristem without or with an evi- 
dent rest period, respectively (Hinckley et al. 1992). In total, we re- 
corded 44 tree architectural traits at the four organizational levels: 



Table 2 Genetic correlation [rg +- S(ro)] between leaf traits a on three 
different developmental processes of a 4-year tree crown and stem- 
wood volume b at the same or subsequent ages, and expected indirect 
response to selection (EIRS, in percentage) ~ and relative efficiency 
(RE) for indirect selection on the 15 leaf morphological traits in Pop- 
ulus del toides (D)• simonii  (S) and P. deltoides (D)xP. nigra (N) 
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F1 hybrid progeny. Calculations were based on improving stem-wood 
productivity (VOLA and VOL6 stem wood volume at 4 or 6 years, re- 
spectively, Qrotation and Qyearthe relative efficiency for indirect se- 
lection over direct selection for wood volume productivity expressed 
on a per rotation or year basis, respectively) 

Cross combination rg+-S(rg) 
traits/develop- 
mental process 

VOL4 VOL6 

EIRS (%) RE 

Qrotation Qyear 
VOL4 VOL6 VOL4 VOL6 VOL6 

DxS 
SLA 

PL 

CLA 

MA 

LA 

DxN 
SLA 

PL 

CLA 

MA 

LA 

CT 0.91 +0.01 0.89+-0.01 
SYL 0.92_+0.01 0.87+-0.01 
PRO 0.67+-0.02 0.62+-0.02 
CT 0.70+-0.02 0.76+0.01 
SYL 0:91 +-0.01 0.87+-0.01 
PRO 0.60 +- 0.03 0.58 + 0.02 
CT 0.94-+0.01 0.90_+0.01 
SYL 0.88+-0.02 0.91+-0.01 
PRO 0.61 _+0.02 0.42+-0.02 
CT 0.77+-0.02 0.59_+0.03 
SYL -0.65 + 0.04 -0.41 +- 0.04 
PRO 0.42 + 0.05 0.35 +- 0.04 
CT -0.88+-0.01 -0.69+-0.02 
SYL -0.41 +-0.06 -0.59-+ 0.03 
PRO 0.39 +- 0.04 0.37 + 0.03 

CT 0.57 + 0.05 0.45_+ 0.06 
S YL 0.69 +_ 0.05 0.60_+ 0.06 
PRO 0.39_+0.06 0.34_+0.06 
CT 0.72+_0.03 0.67+-0.04 
SYL 0.84+-0.03 0.81 +-0.03 
PRO 0.57 +- 0.04 0.55 +- 0.05 
CT 0.93+-0.01 0.90+-0.01 
SYL 0.71 +-0.05 0.77+-0.04 
PRO 0.45 + 0.05 0.41 + 0.06 
CT 0.58+0.04 0.61 +-0.04 
SYL -0.32+-0.08 -0 .30+0.08 
PRO 0.38+-0.06 0.34+-0.06 
CT -0.88+-0.01 -0.61 +-0.04 
SYL -0.43 _+ 0.06 -0.30 +- 0.07 
PRO 0.39+-0.06 0.24+0.06 

44 43 0.91 0.88 1.32 
42 40 0.87 0.82 1.23 
32 30 0.68 0.62 0.93 
33 36 0.70 0.75 1.13 
40 39 0.85 0.80 1.20 
29 28 0.60 0.57 0.86 
45 43 0.94 0.90 i .35 
40 41 0.83 0.85 1.28 
29 20 0.61 0.41 0.62 
36 27 0.75 0.56 0.84 

-30  -19  -0.62 -0.38 -0.57 
20 16 0.41 0.34 0.51 

-40  -32  -0.85 -0.66 -0.99 
-18 -26  -0.38 -0.55 -0.83 

18 17 0.38 0.36 0.54 

25 18 0.57 0.45 0.68 
29 23 0.67 0.58 0.87 
17 14 0.39 0.34 0.51 
31 27 0.72 0.67 1.01 
35 31 0.81 0.78 1.17 
25 22 0.58 0.56 0.84 
40 36 0.94 0.90 1.35 
28 28 0.66 0.71 1.07 
20 17 0.46 0.42 0.63 
25 24 0.58 0.61 0.92 

-13 -11 -0.31 -0.29 -0.44 
17 14 0.38 0.34 0.51 

-38 -25 -0.89 -0.62 -0.93 
-18  -12  -0.43 -0.30 -0.45 

17 10 0.40 0.24 0.36 

a See Table 1 for the definitions of leaf traits and developmental pro- 
cesses 
b Mean stem wood volume was VOL4=0.12599 m 3 and 

3 VOL6=0.33067 m , with phenotypic standard deviations of 0.04243 
3 3 m and 0.11091 m , respectively, in the D x S  progeny; the corre- 

sponding values were 0.11829 m 3 and 0.30882 m 3, and 0.03742 m 3 
and 0.08944 m 3 in the D x N progeny. The broad-sense heritability 

2 2 based on clonal mean was H (VOL4)=0.95 and H (VOL6)=0.96 in 

the D •  progeny; the corresponding values were 0.91 and 0.92 in 
the D x N  progeny (see Wu et al. 1989, 1992) 
c Expected indirect response to selection was estimated when as- 
suming t5% top clones to be selected from the D x S  and D x N  F 1 
hybrids. The corresponding intensity of selection is i=1.469 and 
1.456 for the D x S  with 20 clones and the D x N  with 14 clones, re- 
spectively (Falconer 1989) 

(1) leaf, (2) branch, (3) main stem, and (4) whole tree (see Table 1 
for details). Leaf traits were sampled on the basis of the current ter- 
minal, sylleptics, and proleptics, and branch traits on sylleptics and 
proleptics (see Wu 1994). Stem-wood volume (VOL) was estimated 
at ages 4 (I987) and 6 (1989) years using the volume equation de- 
rived for the temperate poplars given in Wu et al. (1989). 

Clone-replicate Analysis of Covariance (ANCOVA) was used to 
evaluate the associations of tree geometry with productivity. In this 
study, clone effect was assumed to be random, and replicate effect 
was assumed to be fixed. No clone• interaction effect was 
detected because of a single tree per cell (see Wu 1994). Coefficient 
of genetic correlation (rg) was estimated according to Wu et al. 
(1992), with a sampling error as shown in Falconer (1989). Expect- 
ed indirect response of 4- or 6-year stem-wood volume Y to selec- 
tion for the 4-year tree geometric trait X was calculated using a gen- 
eral genetic gain model (Falconer 1989). The relative efficiency of 

early indirect selection on trait X to improve rotation trait Y, com- 
pared with direct selection on trait Y, was determined as: 

Qrotation = ix Hx Hy l'gxv (~py/(iy H~ O'py) ( l )  

on a per rotation basis and as 

Qyear = (tv/tx) Qrotation (2) 

on a per year basis, where i x and i v represent the standardized selec- 
tion differentials for indirect or direct clonal selection, with ix=i v in 
this study; rgxY, the genetic correlation between traits X and Y; H x 
and H v, the square roots of the broad-sense heritabilities based on the 
clonal mean for the two traits; ~Ypv, the phenotypic standard devia- 
tions based on the clonal mean for trait Y; and t x and t v, the 'genera- 
tion' intervals (in years) of indirect and direct selection. The 'genera- 
tion' intervals in clonal forestry may be considered to be ages of se- 
lection assuming that vegetative propagules are maintained in the clo- 
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Table 3 Genetic correlations [rg_+s(ro)] between branch traits on 
two different developmental processes of a 4-year tree crown and 
stem-wood volume at the same or subsequent ages, and expected in- 
direct response to selection (EIRS, in percentage) and relative effi- 

ciency (RE) for indirect selection on the 18 branch traits in Populus 
deltoides x P. simonii (S) and P. deltoides (D)xP. nigra (N) F 1 hybrid 
progeny. Calculations were based on improving stem-wood produc- 
tivity a 

Cross combination rg_+S(rg) 
trait/develop- 
mental process 

EIRS (%) RE 

Qrotation Qyear 
VOL4 VOL6 VOL4 VOL6 VOL4 VOL6 VOL6 

DxS 
BN SYL 0.40-+0.06 0.31 +0.05 18 14 0.37 0.29 0.44 

PRO 0.30-+0.05 0.52-+0.03 14 24 0.29 0.49 0.74 
CBL SYL 0.97+0.00 0.80+0.02 45 38 0.95 0.79 1.19 

PRO 0.39 + 0.03 0.65 -+ 0.02 19 31 0.39 0.65 0.98 
SBL SYL 0.31 -+ 0.06 0.55_+ 0.03 14 26 0.30 0.53 0.80 

PRO 0.75 + 0.02 0.60 + 0.02 36 29 0.75 0.60 0.90 
BD SYL 0.88+0.01 0.85-+0.01 41 40 0.87 0.83 1.25 

PRO 0.52 +_ 0.03 0.71 -+ 0.01 25 34 0.53 0.71 1.07 
BA SYL 0.82+0.02 0.80_+0.02 36 36 0.76 0.74 1.11 

PRO 0.35 +0.03 0.52_+0.02 17 24 0.35 0.39 0.59 
IL SYL 0.77-+0.04 0.71-+0.05 32 29 0.67 0.60 0.90 

PRO 0.47 -+ 0.03 0.41 _+ 0.02 22 19 0.47 0.40 0.60 
SBN SYL 0.80+0.02 0.53+0.03 37 25 0.78 0.51 0.77 

PRO 0.42+0.02 0.42-+0.02 20 20 0.43 0.42 0.63 
TBN SYL 0.87-+0.02 0.71-+0.02 39 33 0.84 0.68 1.02 

PRO 0.31 +0.02 0.29_+0.02 15 14 0.32 0.29 0.44 
R b SYL 0.91-+0.0t 0.84-+0.02 38 35 0.79 0.72 1.08 

PRO 0.71 -+0.03 0.63_+0.03 33 29 0.69 0.61 0.92 

DxN 
BN SYL 0.99+0.00 0.91+0.0t 43 36 1.08 0.91 1.37 

PRO 0.49 + 0.06 0.48 + 0.06 21 19 0.52 0.47 0.7 l 
CBL SYL 0.59+0.05 0.40+0.07 25 16 0.63 0.40 0.60 

PRO 0.38+0.07 0.41 +_0.06 t6 16 0.41 0.40 0.60 
SBL SYL 0.33+0.08 0.53_+0.06 14 21 0.35 0.52 0.78 

PRO 0.52 + 0.05 0.50 + 0.05 23 20 0.57 0.51 0.77 
BD SYL 0.59-+0.05 0.52_+0.06 25 21 0.63 0.51 0.77 

PRO 0.49 + 0.05 0.53 + 0.04 22 21 0.54 0.53 0.80 
BA SYL 0.58+0.06 0.59+0.06 24 23 0.61 0.58 0.87 

PRO 0.21 +0.05 0.22+0.05 9 9 0.23 0.22 0.33 
IL SYL 0.32+0.09 0.21 +0.10 13 8 0.33 0.20 0.30 

PRO -0.40 + 0.06 -0.34_+ 0.06 -17 -14 -0.43 -0.34 -0.51 
SBN SYL 0.91+0.02 0.88 +0.02 38 34 0.96 0.86 1.29 

PRO 0.83+0.01 0.74+0.01 37 31 0.93 0.77 1.16 
TBN SYL 0.92+0.01 0.93+0.01 39 36 0.98 0.90 1.35 

PRO 0.84+0.01 0.85_+0.01 38 35 0.95 0.88 1.32 
R b SYL 0.89+0.03 0.85-+0.04 33 29 0.83 0.73 1.10 

PRO 0.70_+0.04 0.71 _+0.04 30 28 0.76 0.71 1.07 

a See Table 1 for the definitions of branch traits and of developmental processes and Table 2 for the explanations about indirect selection 

nal stoolbed for various uses, namely tx=4 and tr=6 in this study. If 
Qyear is greater than 1.0, then early clonal selection on tree geome- 
try can be expected to generate more gain per year in terms of sub- 
sequent stem-wood volume than later direct selection on the volume. 

Results 

Genet ic  associat ions of  tree architecture with 

product ivi ty  

Leaves  at different  deve lopmenta l  posi t ions of  a 4-year  tree 
crown showed varying inf luences on s tem-wood  volume,  
the degree of  inf luence being dependent  on leaf  traits (Ta- 
ble 2). Cumula t ive  leaf  area on the current terminal  was 

more strongly associated with the current year ' s  total vol-  
ume than that on sylleptic branches,  whereas sylleptics 
were  more important  to the vo lume  than the current termi-  
nal for single leaf  area and pet iole length. The leaf  size and 

area traits on the current  terminal  and sylleptics had much 
greater contributions to the vo lume growth than those on 
proleptics.  Both midrib and lamina angle on sylleptic or 
proleptic branches were  expected to display moderate  mag- 
nitudes and adverse signs of  genetic  correlat ions with the 
vo lume  variable.  Midrib angle and lamina angle on the cur- 
rent terminal  was posi t ively or negat ively  genet ical ly  cor-  
related with the volume,  respectively.  Leaf  traits on syl- 
leptics general ly showed greater effects on the vo lume  
growth in the D x S  hybrid progeny than in the D x N  hy- 
brid progeny. The D x S progeny clearly had a t ighter ge- 



Table 4 Genetic correlations 
[rg_+S(rg)] between the traits at Cross 
the 4-year main stem level and combination/ 
stem-wood volume at the same trait 
or subsequent ages, and expect- 
ed indirect response to selec- 
tion (EIRS, in percentage) and D x S 
relative efficiency for indirect HT 
selection on the seven main DBH 
stem component traits in Popu- TR 
lus deltoides (D) xP. simonii ST 
(S) and P. deltoides (D)• ni- AD 
gra (N) F1 hybrid progeny. Cal- BZ 
culations were based on im- AC 
proving stem-wood producti- 
vity a 
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rg++_s(%) EIRS (%) RE 

Qrotation Qyear 
VOL4 VOL6 VOL4 VOL6 VOL4 V O L 6  VOL6 

0.90_+0.01 0.83_+0.01 41 38 0.86 0.79 1.19 
0.91 _+0.01 0.85 _+0.01 43 41 0.91 0.84 1.26 

-0.84_+0.02 -0.75_+0.02 -37 -34 -0.79 -0.70 1.05 
-0.44_+0.01 -0.05_+0.01 -22 -2 -0.45 -0.05 -0.08 
0.85_+0.01 0.72_+0.01 40 35 0.85 0.71 1.07 
0.52_+0.04 0.62_+0.02 24 29 0.51 0.60 0.90 
0.60_+0.06 0.52_+0.05 24 22 0.52 0.45 0.68 

DxN 
HT 0.94_+0.01 0.91 _+0.02 40 35 0.99 0.88 1.32 
DBH 0.95+0.01 0.92_+0.01 41 37 1.03 0.92 1.38 
TR -0.71 _+0.04 -0.72_+0.03 -31 -29 -0.77 -0.72 -1.08 
ST 0.40_+0.02 0.59_+0.08 18 24 0.46 0.61 0.92 
AD 0.50+0.07 0.32+0.06 21 13 0.53 0.31 0.47 
BZ 0.41 -+0.07 0.44-+0.06 17 17 0.44 0.43 0.65 
AC 0 . 3 9 - + 0 . 1 4  0.41_+0.14 14 14 0.36 0.35 0.53 

a See Table 1 for the definitions of main stem component traits and Table 2 for the explanations about 
indirect selection 

netic relationship between single leaf area on all three 
crown processes and the wood volume than the D x N prog- 
eny. The correlation of 4-year leaf traits with the subse- 
quent 6-year total volume was nonsignificantly different 
from that with the current year's total volume. 

Branch characteristics also showed different genetic 
correlations with the current year's or subsequent total vol- 
ume growth, varying over traits, developmental positions, 
and hybridization combinations (Table 3). All branch 
traits, with the exception for single branch length, on syl- 
leptic branches were more closely related to volume 
growth than those on proleptic branches. Branch size 
(length and diameter), branch cumulative length, branch 
angle, and internodal length were more strongly associated 
with wood productivity in the D x S progeny than in the 
D x N progeny, while branch number on the main stem and 
second- and third-order branch number showed closer cor- 
relations with productivity in the D x N progeny than in the 
D x S progeny. Bifurcation ratio affected volume of the two 
progenies in a similar way. Overall, the difference between 
sylleptic and proleptic branches and their influence on vol- 
ume growth was more evident in the D x S progeny than in 
the D x N progeny. 

At the main stem level, 4-year height and diameter at 
breast height were highly associated to the current year 's 
total stem volume (rx=0.90-0.95, Table 4). These two 
growth traits contributed more significantly to wood pro- 
ductivity than did stem form and apical dominance and 
control in both D x S and D x N progeny. Main stem taper 
showed a closer genetic relationship with volume than 
straightness, and the latter was negatively correlated with 
volume in the D x S hybrid progeny. Apical dominance was 
more important for volume growth than apical control, but 
both had higher genetic correlations with wood volume in 
the D • S progeny than in the D x N progeny. A similar trend 
was found to occur in genetic associations of the seven 

main stem components with the 6-year volume, with in- 
creased differentiations between the two F~ progenies. 

Crown effective volume and surface were more strongly 
correlated with wood productivity than crown total vol- 
ume, especially in the D x N  progeny (Table 5). Narrow 
crown (high ratio of main stem height to crown width) fa- 
vored stem volume growth in the D x S progeny, more than 
in the D x N  progeny, having potentially a greater effect on 
the subsequent year's total volume in both hybrid popula- 
tions. 

Expected indirect response to selection 

Wood productivity gain from indirect selection for single 
and cumulative leaf area and petiole length was expected 
to be similar on the current terminal and sylleptic branches 
in both D x S  and D x N  hybrid progeny (Table 2). Selec- 
tion for the leaf size and area traits had higher indirect re- 
sponses for volume than selection for leaf orientations. 
Much larger indirect responses in volume stemmed from 
selecting for leaf size and area on the current terminal and 
sylleptic branches than on proleptic branches. Leaf orien- 
tations appeared to generate greater genetic gain in volume 
on the current terminal than on both sylleptics and prolep- 
tics. Indirect selection for single leaf area on all develop- 
mental processes yielded consistently larger improvement 
for volume in the D x S progeny than in the D x N progeny, 
despite small differences in the volume response by select- 
ing other traits on at least a process between these two prog- 
enies. Different directional selection for leaf orientations 
on the two alternate sylleptics and proleptics on the main 
stem would benefit volume improvement. 

Most branch traits produced substantial correlated se- 
lection response for volume in the D x S progeny (Table 3). 
The volume variable responded more strongly to indirect 
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Table 5 Genetic correlations 
[r _+s(rv)] between the traits at 
th~ 4-year whole tree level and 
stem-wood volume at the same 
or subsequent ages, expected 
indirect response to selection 
(EIRS, in percentage) and rela- 
tive efficiency (RE) for indirect 
selection on the four traits in 
Populus deltoides (D) • simo- 
nii (S) and P. deltoides (D)xP. 
nigra (N) F 1 hybrid progeny. 
Calculations were based on im- 
proving stem-wood producti- 
vity a 

Cross rg_+S(rg) 
combination/ 
trait 

ERIS (%) RE 

Qrotation Qyear 
VOL4 VOL6 VOL4 VOL6 VOL4 VOL6 VOL6 

D• 
CTV 0.81+0.02 0.51+0.02 38 24 0.80 0.50 0.75 
CEV 0.93_+0.01 0.88_+0.01 44 42 0.92 0.86 1.29 
CES 0.96_+0.00 0.92_+0.01 45 44 0.95 0.90 1.35 
CS 0.65_+0.03 0.90_+0.01 30 42 0.64 0.87 1.31 

DxN 
CTV 0 . 4 5 + 0 . 0 6  0.41_+0.06 19 18 0.16 0.46 0.69 
CEV 0 . 9 5 + 0 . 0 1  0.91+0.01 40 35 1.00 0.89 1.34 
CES 0 . 9 2 + 0 . 0 1  0.88+0.02 39 35 0.99 0.88 1.32 
CS 0 . 4 1 + 0 . 0 7  0.65-+0.05 18 26 0.26 0.65 0.98 

a See Table 1 for the definitions of traits and Table 2 for the explanations of indirect selection 

selection for branch count traits and bifurcation ratio than 
for branch vigor and angle traits in the D x N  progeny. Dis- 
crepancies in indirect selection response for volume 
between sylleptics and proleptics were significantly larger 
in the D x S progeny than in the D x N progeny for many 
branch traits. Single proleptic branch length was detected 
to generate a much higher correlated response for the cur- 
rent year 's  total volume than single sylleptic branch length, 
typically in the D xS  progeny. Relative to sylleptic 
branches, proleptic branches showed increased indirect ge- 
netic gain for the subsequent volume in both hybrid prog- 
enies. 

Selection for main stem height, diameter at breast 
height, and taper led to considerable increases in volume 
at ages 4 and 6 years in the two progenies (Table 4). Se- 
lection for apical dominance and control was expected to 
produce higher indirect genetic gains for volume in the 
D x S progeny than in the D x N  progeny. An unfavorable 
response for 4-year volume was due to selection on main 
stem straightness in the D • S progeny, but it dramatically 
declined for 6-year volume. 

Selection for crown effective volume and surface area 
produced higher indirect responses for 4- and 6-year vol- 
ume than crown total volume and crown shape in the D x S 
and D x N progeny (Table 5). However, crown shape showed 
increased selection response for late volume growth. 

Efficiency of indirect selection 

The efficiency of indirect selection for leaf traits to direct 
selection for the current year ' s  or subsequent total stem 
volume differed among developmental processes, traits, 
and progeny populations. Leaf  size and area traits on the 
current terminal and sylleptics were expected to generate 
siginificantly higher efficiency of indirect response in vol- 
ume than those on proleptics (Table 2). Although total ge- 
netic gain of rotation volume from indirect selection for 
single leaf area, petiole length, and cumulative leaf area 
did not exceed that from direct selection for volume, indi- 
rect selection for these leaf traits on the current terminal 

and sylleptics produced 13-35% more gain per year in 6- 
year volume than did direct selection on volume in the 
D x S  progeny. However, for the D x N  progeny, petiole 
length and cumulative leaf area, rather than single leaf area, 
of fe red  Qyear>l.0 of relative efficiency for indirect selec- 

t ion  for 6-year volume. Indirect selection for leaf orienta- 
tions proved much more efficient on the current terminal 
than on both sylleptics and proleptics in the two progenies. 

Branch size (length and diameter) and angle traits on 
sylleptic branches showed 11-25% higher selection re- 
sponse per year in 6-year volume than did direct selection 
on the 6-year volume in the D x S progeny (Table 3). Fur- 
thermore, indirect selection for these branch traits on pro- 
leptic branches led to increased efficiency for subsequent 
volume. Expected genetic gains per year in 6-year volume 
from indirect selection for branch count traits and bifurca- 
tion ratio on sylleptic and/or proleptic branches were ex- 
pected to be greater than those from direct selection for the 
6-year volume in the D x N  progeny. Despite the greater 
advantage of sylleptics over proleptics in improving stem 
volume for most of the branch traits, single proleptic 
branch length consistently showed higher efficiency for in- 
direct selection in the volume than single sylleptic branch 
length in both D x S and D x N progeny. 

Compared to direct selection on volume at the same age, 
indirect selection on 4-year main stem height and diame- 
ter at breast height gave relative efficiency on a per rota- 
tion basis of 0.86-0.96 in the two progenies (Table 4). In- 
direct phenotypic selection on the 2 growth traits produced 
more genetic gain per year (19-3 8%) in 6-year volume than 
direct selection on the volume itself. Main stem taper had 
a comparable efficiency of indirect selection between the 
D xS and D x N  progeny, but indirect selection on apical 
dominance and control were expected to yield a larger re- 
sponse in volume in the former than in the latter progeny. 

Indirect selection on crown effective volume and 
surface area produced an approximately same response 
(Qyear ~ 1.0) to direct selection on 4-year volume in the 
D x S  and D x N  progeny (Table 5). These 2 traits at the 
whole-tree level had obviously larger genetic gain per year 
in 6-year volume relative to direct selection on late volume. 



Tree crown shape could be used as a selected trait for im- 
proving productivity in the D x S progeny. 

Discussion 

The coefficient of genetic correlation reflects the degree 
to which two traits of biological organization are controlled 
by the same set of genes (Falconer 1989), and thus it has 
advantages over the coefficient of phenotypic correlation 
which is contaminated by genetic effects and environmen- 
tal noises, when exploring actual genetic relationships 
between biological traits (see Hodge and White 1992). The 
study presented here documents genetic associations of 
morphometric characteristics at the four different organ- 
izational levels with productivity in the Populus deltoides• 
P. simonii and P. deltoides x P. nigra hybrid clones grown 
under short rotation culture. While leaf and branch traits 
on proleptic branches show low impacts on volume growth, 
current terminal leaves and sylleptic branches and their 
leaves confer a potential productivity advantage to the veg- 
etative growth of hybrid clones (Scarascia-Mugnozza 
1991; Dunlap 1991; Hinckley et al. 1992; Ceulemans 1990; 
Ceulemans et al. 1990). However, in many cases, prolep- 
tic branches, in comparison to sylleptic branches, display 
many obvious characteristics that favor volume growth, 
such as greater leaf size and cumulative leaf area, stronger 
branching capacity, and more acute orientation from the 
stem (Larson and Isebrands 1972; Ridge et al. 1986; Dun- 
lap 1991; Rogers et al. 1989; Hinckley et al. 1989, 1992; 
Ceulemans et al. 1990; Wu 1994). Scarascia-Mugnozza 
(1991) attributed the more dominant role in productivity 
of sylleptic branches over their proleptic counterparts to 
higher number and greater carbon export to the main stem. 
The better balance between photosynthetic surface produc- 
tion and energy investment in sylleptic branches (reflected 
by bifurcation ratio, Leopold 1971) is also a possible fac- 
tor causing their more pronounced role (Wu 1994). 

Leaf orientation within a crown affects light penetra- 
tion and interception and its repartitioning between differ- 
ent levels or layers of leaves at different depths (Hinckley 
et al. 1992; Sprugel 1989; Delucia et al. 1991). The present 
study indicates the different genetic effects of leaf orien- 
tation on three different processes of a crown on volume 
production. Vertically-oriented leaves (low lamina angle) 
on the current terminal and sylleptic branches tend to dis- 
play identical photosynthetic rates on either the adaxial or 
abaxial surface in a high light intensity environment. The 
photosynthetic symmetry of these leaves may lead to max- 
imum daily integrated carbon gain and water use efficiency 
(Sprugel 1989; Delucia et al. 1991) and thus to a more sig- 
nificant contribution to vegetative productivity as com- 
pared to the asymmetric horizontally-oriented leaves (high 
lamina angle) on proleptic branches. While leaf orienta- 
tions on sylleptics and proleptics alternately distributed on 
the main stem have opposite signs in their genetic corre- 
lation with volume, further examinations appear to be nec- 
essary for identifying the anatomical and biochemical dif- 
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ferentiations (e.g., Knapp et al. 1988; Vogelmann 1989; 
Vogelmann et al. 1989) and optimal display structure max- 
imizing whole tree photosynthesis between proleptic and 
sylleptic leaves (Honda and Fisher 1978; Wu 1993). 

The genetic variation of a quantitative trait might de- 
cline in response to various successive directional selec- 
tions made on it (Bulmer 1980; Namkoong 1979). Selec- 
tion will reach a plateau when variation approaches zero. 
Main stem height and radial growth traits tend to display 
a decreased genetic basis and, thus, decreased selection re- 
sponse relative to other morphometric traits in the two 
interspecific hybridization combinations in this study be- 
cause their maternal parent is a highly selected clone in 
growth rather than in tree geometry (Wu et al. 1992; Wu 
1993). The present study demonstrates that some leaf and 
branch traits associated with sylleptic process have a higher 
preponderance for the improvement of stem-wood volume 
than these 2 growth traits. 

The expected indirect genetic gain, which reflects a col- 
lective effect of the heritability level of selected traits and 
their genetic correlations with desired traits, is used to eval- 
uate the efficacy of indirect selection (Falconer 1989). Vol- 
ume growth strongly responds to indirect selection on leaf 
traits on the current terminal, resulting from their high he- 
ritabilities (Wu 1994) and high genetic correlations. Al- 
though many leaf and branch traits on sylleptic branches 
are less strongly inheritable than those on proleptic 
branches (Wu 1994), they produce a higher indirect selec- 
tion response in volume than their proleptics-associated 
counterparts due to tighter relationships with volume. Such 
a result shows a nonsignificant correlation between herit- 
ability and genetic correlation for the morphometric traits 
of 4-year hybrid poplars (see also Huang et al. 1990). 

Correlated responses of volume to selection on tree mor- 
phology were found to be different between the D x S and 
D•  F~ progeny. The possibility with which main stem 
volume and straightness are simultaneously improved is 
much higher in the D x N progeny than in the D x S prog- 
eny. However, apical dominance shows the greater poten- 
tial as an indirect selection trait of volume in the D x S prog- 
eny than in the D x N progeny. In the D • S progeny, there 
is a greater genetic gain on a per year basis for 6-year vol- 
ume by indirect selection on leaf size and area as well as 
branch vigor and angle at 4 years than by direct selection 
on the late volume. In addition, while most of the traits 
have higher advantage for the improvement of volume on 
sylleptics than on proleptics, single proleptic branch 
length, which reflects the capacity for apical control of the 
main stem over its lateral branches (Ford 1985), has been 
found to show a distinctive larger response in volume than 
single sylleptic branch length owing to a much stronger 
correlation with volume in this progeny. Thus, it can be 
found that the high-volume D x S poplars tend to exhibit 
vigorous and decurrent-like crown geometry. On the other 
hand, few differences were found between sylleptic and 
proleptic branches in correlated responses of volume to se- 
lection on the traits reflecting photosynthetic surface pro- 
duction (second-, and third-order branch numbers) and its 
energy balance (Rb) in the D xN progeny. Furthermore, ef- 
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fect ive crown volume and surface area with fo l iage  have 
a much h igher  cor re la ted  response  than total  c rown vol-  
ume in this progeny.  In conjunc t ion  with high genet ic  as- 
socia t ion be tween  the number  of  sy l lept ic  branches  and 
vo lume growth (Table 3), these facts would  suggest  that 
the h igh-vo lume  D x N  poplars  possess  an excurren t - l ike  
crown archi tecture  that  op t imizes  the ba lance  be tween  pho-  
tosynthet ic  organ product ion  and energy cost. The present  
s tudy on the ef f ic iency of  indi rec t  select ion verif ies  the 
poss ib le  evo lu t ionary  di f ferent ia t ions  in tree geometry,  
which  ref lects  the compet i t ive  abi l i ty  of  a species  in space 
(Horn 1971), be tween  the D x S  and D x N  progeny,  as 
found in Wu (1994). 

It is of  interest  to note that pro lept ic  branches  show in- 
creasing impor tance  for vo lume growth with stand devel -  
opment  despi te  their  weaker  impac t  on growth than syl lep-  
tic branches  in the current  year. Pro lept ic  branches  are 
l ike ly  to have a potent ia l ly  high carbon accumulat ion ,  
which  supports  the init ial  energy inves tment  for ear ly leaf  
f lush on syl lept ic  branches  (Sca rasc i a -Mugnozza  1991). 
Fur ther  coopera t ive  studies of  genet icis ts  and phys io lo -  
gists on a larger  scale wi l l  be essent ia l  for gaining an under-  
s tanding of  the phys io log ica l  mechan i sms  of  these phe-  
nomena  (Greenwood  and Volkaert  1992). 
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