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Abstract From an eight by eight factorial crossing with
Salix viminalis, 40 of the 64 families obtained were
selected for further analysis. Fourteen seedplants from
cach of these 40 families were planted in two pairs of
contrasting environments: sand and clay soil, and low
and high nutrient supply. The material in the soil con-
trast was harvested after 1, 4 and 6 years of growth. The
material in the nutrient contrast was harvested each
year for 3 years and analysed after the first and the third
harvests. The correlation between number of shoots and
weight in the clay environment changed from being
negative in the first harvests to positive at the last
harvest, compared with the sand environment where
this correlation was positive in all years. In the nutrient
contrast this correlation was positive at the last harvest
in the high nutrient environment, but no correlation
could be detected in the low nutrient environment. The
differences in correlations between environments may
be due to a different allocation of nutrients in the plants,
depending on whether the plant is under stress or not.
The data suggests that the genetic relationship between
growth components is the same over age and environ-
ments when the plants are grown without stress.
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Path analyses - Salix viminalis

Introduction

In the early phase of domestication of a crop it is
important to discover the possibilities and constraints
for selection. Knowledge of the relationship between
different characters is necessary for understanding the
indirect effect of selection. Salix vininalis is a fast-grow-
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ing woody species, and while phenotypic and genetic
correlations have already been studied in other such
fast-growing woody species and breeding objectives
attained that may also be applicable to Salix for
example Populus sp (Wilcox and Farmer 1967; Nelson
and Tauer 1987; Pichot and du Cros 1989) and Euca-
lyptus sp (Volker et al. 1990; Whiteman et al. 1992),
studies in Salix sp are sparse (see Lin and Zsuffa 1993).

Information on changes in the structure of correla-
tions between environments is important for breeding
purposes (Cuartero and Cubero 1982; Ariyo et al. 1987;
Falkenhagen 1989; Hébert et al. 1994; Lascoux et al.
1994) since a different correlation pattern from one
environment to another complicates the selection.
Changes in correlation pattern have also been analysed
in ecological and evolutionary studies for predicting and
understanding evolutionary change (Schlichting 1989 a,
b; Scheiner et al. 1991; Via 1984). Hebert et al. (1994)
showed that the number of significant genetic correla-
tions increased with increasing environmental stress in
his study on the correlation between 36 different charac-
ters in Medicago lupulina. When studying nine different
characters in tomatoes (Lycopersicon esculenta) in four
environments in order to find the best correlations to
use in indirect selection for yield, Cuartero and Cubero
(1982) detected large differences in correlations between
the environments. In a study with okra (Abelmoschus
esculentus), where genetic as well as phenotypic and
environmental correlations were estimated during two
seasons, the correlation estimates varied with age as well
as between seasons (Ariyo et al. 1987). In Pinus elliotti
the genetic correlations between growth traits and stem
form changed considerably between sites (Falkenhagen
1989). Lascoux et al. (1994) showed that the correlation
in Pinus sylvestris between two growth components
changed from one nutrient level to another. Path coeffi-
cient analyses indicated that these changes were accom-
panied by a reversal in the contribution of the compo-
nents, to the resulting traits, i.c. shoot growth.

The examples above, show that genetic correlations
are influenced by environment as well as by age. This
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seems to apply to most species and could also be ex-
pected in Salix species.

In order to better understand how the correlations
between growth characters change between environ-
ments and years, material of Salix viminalis planted in
contrasting environments was studied. One contrast
was between soil types, i.e. heavy clay and sand, and the
other was between different nutrient availability, i.c. a
stressed environment and one with optimum fertiliz-
ation. The questions addressed in this study were:

— can phenotypic correlations be used instead of genetic
correlations?

— do genetic correlations between growth characters
change from one environment to another or with age?
— do growth conditions (i.e. optimal or stressed) influ-
ence the genetic correlations between characters?

Materials and methods

Clones of Salix viminalis L. collected in Sweden and one clone
originating from Holland were used as parents in the crossing experi-
ments. The Swedish material most probably originates from old
cultivations that were established after clonal material had been
brought to Sweden during the last couple of centuries.

An eight by eight factorial crossing was made in 1987, and 40 of
the 64 families were used in the final analyses (Rénnberg-Wistljung
et al. 1994). Fourteen seedplants per family were propagated to be
planted in the two pairs of contrasting environments. The first pair of
environments were field sites where the soil types differed, one site
consisted of sandy soil and the other of heavy clay soil. The other pair
ofenvironments were two contrasting nutrient levels created in a sand
box with inert sand where the nutrient was applied according to the
method of Ingestad and Lund (1986) so as to obtain one high and one
low growth rate of plants. The nutrient solution was adjusted for Salix
(Eriksson 1981a). All environments were at or close to the Swedish
University of Agricultural Sciences in Uppsala (59° 48, 17° 39’, 25 m).
The experiments were planted in an incomplete block design (Ron-
nberg-Wistljung et al. 1994). Twelve and eight clones per family were
planted in the sand environment and in the clay environment, respect-
ively (totals =480 and 320 clones); of these, 278 clones were in
common. In the nutrient environments 6 clones per family, making a
total of 240 clones, were planted in both environments. A more
detaijled description of the material and environments is given in
Ronnberg-Wastljung et al. (1994).

The material in the sand-clay contrast was planted in 1988 and
harvested after the first growing season (= 1:1, which indicates shoot
age: root age) and then after 3 (3:4) and 5 years (2:6). The number of
shoots on each plant was counted at each harvest, and height of the
highest shoot was measured at the first and second harvests. Diameter
of the highest shoot was measured at the second harvest.

The plants in the nutrient contrast experiment were harvested
each year for 3 years, and results from the first (1: 1) and the third (1:3)
harvests are presented in this study. The number of shoots on the
plant was counted at the harvests. At the first harvest, the diameter
and height of the highest shoot were also measured.

Statistics
Variance components were estimated using the REML method in the

SAS VARCOMP procedure (SAS Institute 1989). The linear model
used was:

Vikp = BT bk(j) +m+f, +mfy, + Cotny T Citanp (1)

where y,,, =the observed value of a given character for an
individual plant, u =the overall mean, r;= the effect of replicate

JJ=12,...,r;r=50r8, b, = the effect of block k within replicate j,
k=12,...,b;b=6,80r 12.I)<= 1,2,...,b;b=6,80r 12, m, = theeffect
of male ;I=12,...,8, f,=the effect of female mn=12,...,8,
mf,, = the interaction effect between male / and female n, (i.e. family),
Coiny = the effect of clone p within family, p=1,2,...,¢;c=6,8 or 12,
€, = random error.
All effects except u were considered to be random and normally
distributed.
The genetic and phenotypic correlations have been estimated with

the formula:
r=— e @

2 2 .
s; = estimated

where, s, = estimated covariance between x and y, s, )

variance of x and y respectively.

The covariance between x and y is estimated from the expression:

Seay = s2 4 sf, + 2s,,, SOMe rearrangements give, s,, = O.S(Sfx”) —
2 o2 . .
5y —s,), where, 5, ,, = estimated variance of x + y.

To estimate the additive genetic correlation in the material we
have used male plus female variances for the variables x, y and x + y,
(estimated from Eq. 1) to putinto Eq. 2. For phenotypic correlations,
all effects in model 1 were used except for replicate and block
(replicate).

The standard errors of the correlations were estimated according
to Falconer (1981, p 285).

The relationship between the characters was studied using path
coefficient analyses (Sokal and Rohlf 1995). The model was:

[Nl

W=Hx(D/2? xTIx Sx U 3)

where W= weight of the plant, H = height of the highest shoot,
D = diameter of the highest shoot, S = number of shoot of the plant,
U = unknown causes, IT = constant.

To get an additive expression, a logarithmic transformation was
done.

logW=1ogH + 2(log D —log2) +logIl +logS +logU (4)

The path coefficients (p) were estimated as the partial regression
coefficients (Sokal and Rohlf 1995). The correlation between the
characters and the resultant character (weight) is the direct effect of
the character (path coefficient) plus all indirect effects of the character
on the resultant character via other paths (Fig. 1). For example, the
correlation between height and weight is composed of:

Tiw = Dy + (Fop X ) + (g X Pa) (5)

Di» P Do = path coefficient for height, number of shoots and diameter,
respectively (= partial regression coefficients), the direct effects on
weight, r,, = genetic correlations between height and number of
shoot, r,, = genetic correlation between height and diameter, (ry, x p,)
and (r,, X p,) = the indirect effects on weight.

The correlation between U and the resultant character (weight)
can be estimated from the formula for total determination of the
resultant character (Sokal and Rohlf 1995, p 638).

2 2
pri_"ZZ(p\wpwjr:j)—Fluw—1 (6)
i ij

where ¥, =1s the summation of all causal variables, (s,h,d) and
%.,; =is the summation of all pairs of causal variables.

All variables in the model were only measured at age 3:4 in the soil
environments and at age 1:1in the nutrient environments. Atage 1:1
in the soil environments, the model was reduced since the diameter of
the highest shoot was not measured. This gave one path instead of
two for the indirect effects of the character. At age 1:3 in the nutrient
environment and at age 2:6 in the soil environments, it was not
possible to estimate any path coefficients since only number of shoots
and weight were measured.



Ps

- ®
d (Z@p\h‘

hd bd

@
O,

Fig. 1 Path analysis model. Path coefficients, the direct effect of the
characters on weight, are indicated by single-headed arrows, and
indirect effects on weight are indicated by double-headed arrows. s
number of shoots, h height of the highest shoot, d diameter of the
highest shoot, w weight of the plant, u unknown causes. For other
abbreviations see text
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Results

Genetic versus phenotypic correlations

Large differences between the genetic and the
phenotypic correlations were detected, and these are
illustrated for the clay and sand environments at age 3:4
(Fig. 2). In particular, correlations involving the number
of shoots change sign from being positive or around zero
in the phenotypic correlation to being negative in the
genetic correlation. An exception is the correlation be-
tween number of shoots and weight in the sand environ-
ment where phenotypic and genetic estimates were of
the same magnitude.

Fig. 2 Genetic and phenotypic correlations between growth charac-
ters in the clay and sand environments. Correlations with standard
deviations (within brackets) are shown within rectangles. Mean values
for the characters are within the circles. Arrows indicate the causal
relationships between characters. Abbreviations: see Fig. 1
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Genetic correlations and path coeflicient correlations
Clay-sand

When the genetic correlations in the sand environment
are compared with correlations in the clay environment,
a difference can be seen at ages 1:1 and 3:4, especially
between weight and number of shoots where there is no
correlation, or a slightly negative correlation, in the clay
environment, and a positive one in the sand (Figs. 2, 3).
The two other correlations with number of shoots at age
3:4 are also more negative in the clay environment. At
age 2:6, the correlation between number of shoots and
weight show similar, and positive, values in the different
soil environments (Fig. 3).

The path coeflicient analyses revealed that the direct
effect of the number of shoots on weight is much higher
in the sand environment than in the clay environment at
age 1:1 (Table 1). The negative correlation in the clay
between these characters is due to a strong negative
indirect effect of height on number of shoots (Table 1). In
the clay environment, height influences the total weight
more than the number of shoots, which can be seen in
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the path analyses studying the direct effects of these
characters on weight (Table 1).

In the sand environment at age 3:4, the path coeffi-
cients are all positive. The negative correlations between
number of shoots and height, and between number of
shoots and diameter, cause negative indirect effects
(Table 1).

Nutrient level

The genetic correlations at age 1:1 in the two nutrient
levels are similar (Fig. 4), but there are some differences
between the nutrient levels in the direct and indirect
effects of the characters on weight (Table 2). Height of
the highest shoot is more important for total weight at
the low nutrient level than at the high nutrient level, and
diameter is the most important character for the total
weight at the high nutrient level.

Fig. 3 Genetic correlations in the clay and sand environments.
Empty circles show that the character has not been measured. Ab-
breviations: see Fig. 1. For explanation of symbols see Fig. 2.
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Table I Path analyses in the soil contrast
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Plant age® 1:1

Plant age 3:4

Corr® Direct effect®  Indirect effect® Corr Direct effect  Indirect effect

clay/sand clay/sand clay/sand sand sand sand
Character® S H S H D
S —0.14/0.45 0.68/1.22 —0.82/—-0.77 0.52 0.89 -0.20 —0.17
H 0.82/0.21 1.26/1.08 —0.44/—0.87 0.34 0.34 —0.51 0.50
D - - - - 0.58 0.55 -0.28 0.31
U 0.27/0.48 0.33

3 Plant age is given as age of shoot : age of root

®Corr = genetic correlation between the character and weight

¢ Direct effect = path coefficient for the character

4Indirect effect = genetic correlation between the character and an-

Table 2 Path analyses in the nutrient contrast

other character multiplied by the path coefficient for the other
character

¢S, Number of shoots of the plant; H, height of the highest shoot; D,
diameter of the highest shoot; U, unknown causes

Plant age 1:1

Corr Direct effect Indirect effect

high/low high/low high/low
Character S H D
S 0.36/0.35 0.31/0.16 —0.11/0.14 0.16/0.05
H 0.74/0.95 0.50/0.57 —0.07/0.04 0.31/0.34
D 0.92/0.89 0.55/0.46 0.09/0.02 0.28/0.42
U 0.13/0

See Table 1 for explanations

At age 1:3, the correlation between number of shoots
and weight is highly positive at the high nutrient level
while there is no correlation between these characters at
the low nutrient level (Fig. 4).

Discussion
Genetic versus phenotypic correlations

Phenotypic correlation consists of both additive genetic
variance/covariance and environmental variance/
covariance, which suggests that a genetic understanding
of the relationships between characters can be difficult
with only phenotypic estimations of the correlations.
The formula

hr

'pzhx T

(7)
from Falconer (1981) explains the relationships between
genetic, phenotypic and environmental correlations and
heritabilities where, r,= phenotypic correlation be-
tween the two characters x and y, r, = genetic correla-
tion between x and y, rp =environmental correlation
between x and y, h? = heritability, e? = 1 — h”.

The formula shows that if the heritabilities of both
characters are low, then the phenotypic correlation is

+ ety

mainly determined by the environmental correlation,
and if the heritabilities of the characters are high, then
the genetic correlation have more impact on the
phenotypic correlation (Falconer 1981).

Height and diameter have the highest heritabilities of
the measured characters in the field environments for
this study (Ronnberg-Wistljung et al. 1994), and thus an
agreement between the genetic and the phenotypic esti-
mate for the correlation between height and diameter
could be expected. The estimates of the phenotypic and
genetic correlation between height and diameter in this
study show different values, but they are both high and
positive. Still, most of the phenotypic variation is non-
additive, which may explain why phenotypic correla-
tions differ from genetic correlations. The theoretical
background to the relationships between phenotypic and
genetic correlations (Eq. 7) and also our data show that
for characters with lower heritabilities the genetic corre-
lation differs from the phenotypic correlation. For char-
acters with high heritability, on the other hand, the pheno-
typic correlation probably reflects the genetic correlation.

Genetic correlations and path analyses

The genetic causes behind a correlation between charac-
ters are pleiotropic effects or linkage between genes (or
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both) (Falconer 1981). In this material some parents
came from populations in linkage disequilibrium for a
set of allozyme loci (Lascoux et al. 1995). In spite of that,
the results are discussed as if the genetic causes of the
correlation are due to pleiotropy.

An important result of this study is the resemblance
in correlation patterns between growth characters
in optimal environments. We consider optimal environ-
ments to be environments where the plants are well-
established and have a high nutrient availability. Thus,
apart from the low nutrient environment, we consider all
environments in the sand to be optimal for the plants.
Furthermore, at age 2:6in the clay environment, we also
consider the plants to be well-established with a good
availability of nutrients from the clay soil.

In all of the environments mentioned above as opti-
mal, the correlation between number of shoots and
weight is positive except for the high nutrient environ-
ment at age 1:1. In the latter case, the correlation with
number of shoots had a large standard deviation, an
explanation of which possibly being the low mean value
for number of shoots, 1.3, which makes it difficult to get
a significant correlation. Path analyses show similar
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Fig. 4 Genetic correlations in the nutrient environments. Empty
circles show that the character has not been measured. Abbreviations:
see Fig. 1. For explanation of symbols see Fig. 2

relations between direct and indirect effects for the
correlation between number of shoots and weight in the
optimal environments where it was possible to conduct
path analyses.

The long establishment phase for Salix on clay soils
(Ledin and Ahlriksson, 1992) probably results in the
plants being under more stress at early ages (1:1, 3:4)
compared with plants in the sand. One possible hypoth-
esis to explain the differences we found in the correla-
tions between growth characters, and in the path ana-
Iyses, between clay and sand environments for plants at
these ages might be differences in the allocation of
nutrients in the two contrasting environments. We do
not have any data on the allocation of nutrients in the
plants, but Eriksson (1981b) has shown that a lower
availability of nutrients and water in Salix causes a shift
in the shoot/root ratio towards higher root growth.
Differences in the allocation of nutrients can also give



differences in gene activites and pleiotropic effects of the
plants and, thus, explain the differences in the genetic
correlations.

In the clay environment, the change from a no or a
slightly negative correlation between number of shoots
and weight for plants at ages 1:1 and 3:4 to a positive
correlation for plants at age 2:6 might also reflect
differences in the allocation of nutrients. The plants are
probably well established at age 2:6 and then show an
allocation pattern similar to the plants in the sand
environments.

In the low nutrient environment at plant age 1:3
there was no correlation between number of shoots and
weight compared with the plants in the high nutrient
environment that showed a high positive correlation.
Since nutrient and water availability have been shown
to influence the shoot/root ratio (Eriksson 1981b), dif-
ferences in allocation of nutrients could also in this case
be an explanation of why the correlation differed be-
tween nutrient environments.

Conclusions

Phenotypic correlations should be used with caution to
describe the genetic relationships between growth char-
acters unless there arc high heritabilities of the charac-
ters involved. The genetic correlation pattern changes
both between environments and between years within
environment. In optimal environments, there is a high
degree of resemblance in the correlation patterns. Our
main suggestion for the change in correlations between
optimal and suboptimal environments is differences in
the way the plants allocate nutrients.

Acknowledgements The most recent harvest in the field experiments
was done in cooperation with Dr. L. Sennerby-Forsse, then at the
Department of Ecology and Environmental Research, Unit for Inten-
sive Forestry. We thank Dr. M. Lascoux for helpful suggestions on
the manuscript. The technical staff are acknowledged for preparing
and measuring the plants. This study was supported by grants from
the Swedish National Board for Industrial and Technical Develop-
ment and from the Swedish Farmers Foundation.

References

Ariyo OJ, Akenova ME, Fatokun CA (1987) Plant character correla-
tions and path analyses of pod yield in okra (Abelmoschus esculen-
tus). Euphytica 36:677-686

Cuartero J, Cubero JI (1982) Phenotypic, genotypic and environ-
mental correlation in tomato (Lycopersicon esculentum). Eu-
phytica 31:151-159

21

Eriksson T (1981a) Growth and nutrition of three Salix clones in low
conductivity solutions. Physiol Plant 52:239-244

Eriksson T (1981b) Effects of varied nitrogen stress on growth and
nutrition in three Salix clones. Physiol Plant 51:423-429

Falkenhagen ER (1989) Influence of the testing sites on the genetic
correlations in open-pollinated family trials of Pinus elliottii in
South Africa. Theor Appl Genet 77:873-880

Falconer DS (1981) Introduction to quantitative genetics, 2nd edn.
Longman, London and New York

Hébert D, Fauré S, Oliveri I (1994) Genetic, phenotypic and en-
vironmental correlations in black medic, Medicago lupulina L.,
grown in three different environments. Theor Appl Genet
88:604-613

Ingestad T, Lund A (1986) Theory and techniques for steady state
mineral nutrition and growth of plants. Scand J For Res
1:439-453

Lascoux M, Karg H, Lundquist K (1994) Growth of 24 full-sib
families of Pinus sylvestris L. at six relative nutrient addition rates.
I1. Relation between components. Scand J For Res 9:115-123

Lascoux M, Thorsén J, Gullberg U (1995) Population structure of a
riparian species, Salix viminalis L. Accepted in Genetical Re-
search, Camb.

Ledin S, Ahlriksson B (1992) Produktionsforluster, frostresistens,
godslingseffekter, bestdndsdesign och sortprévning vid Salixod-
ling. Légesrapport for SLF-projektet, April 1992. ASI, EMC,
SLU (in Swedish})

Lin JZ, Zsuffa L (1993) Quantitative genetic parameters for seven
characters in a clonal test of Salix eriocephala. I1. Genetic and
environmental correlations and efficiency of indirect selection.
Silvae Genet 42:126-131

Nelson CD, Tauer CG (1987) Genetic variation in juvenile characters
of Populus deltoides Bartr. from Southern Great Plains. Silvae
Genet 36:216-221

Pichot C, Tessier du Cros E (1989) Estimation of genetic parameters
in eastern cottonwood (Populus deltoides Bartr.). Consequence for
the breeding strategy. Annu Sci For 46:307-324

Ronnberg-Wistljung A, Gullberg U, Nilsson C (1994) Genetic par-
ameters of growth characters in Salix viminalis grown in Sweden.
Can J For Res 24:1960-1969

SAS Institute (1989) SAS user's guide: statistics 1989 edn. Cary, N.C.,
USA

Scheiner SM, Caplan RL, Lyman RF (1991) The genetics of
phenotypic plasticity. III. Genetic correlations and fluctuating
asymmetries. J Evol Biol 4:51-68

Schlichting, CD (1989a) Phenotypic plasticity in Phlox. I1. Plasticity
of character correlations. Oecologia 78:496-501

Schlichting CD (1989b) Phenotypic integration and environmental
change. What are the consequences of differential phenotypic
plasticity of traits. Bioscience 39:460-464.

Sokal RR, Rohlf FJ (1995) Biometry. The principles and practice of
statistics in biological research, 3rd edn. Freeman and Co New
York

Via S (1984) The quatitative genetics of polyphagy in an insect
herbivore. II. Genetic correlations in larval performance within
and among host plants. Evolution 38:896-905

Volker PW, Dean CA, Tibbits WN, Ravenwood IC (1990) Genetic
parameters and gains expected from selection in Eucalyptus
globulus in Tasmania. Silvae Genet 39:18-21

Whiteman PH, Dean CA, Doran JC, Cameron IN (1992) Genetic
parameters and selction strategies for Eucalyptus nitens (Dean
and Maiden) in Victoria. Silvae Genet 41:77-81

Wilcox JR, Farmer RE (1967) Variation and inheritance of juvenile
characters of Eastern Cottonwood. Silvae Genet 16:162—-165



