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Genetic Variability in Anatomical, Physiological and Growth Characteristics
of Hybrid Poplar (Populus x euramericana DODE (GUINIER))
and Eastern Cottonwood (Populus deltoides BARTR.) Clones
By S. ORLOVIĆ1), V. GUZINA1), B. KRSTIĆ2) and L. MERKULOV2)
(Received 1st December 1997)

Summary
Anatomical and physiological parameters of rooted cuttings
of eight black poplar clones (4 Populus x euramericana and 4
Populus deltoides) were evaluated in three field experiments on
different soil types (humofluvisol, fluvisol f. loamy and fluvisol
f. sandy). Measurements were taken on the thickness of assimilation tissues (palisade and spongy) on the cross section, and
on net photosynthesis, dark respiration and leaf area. At the
end of the vegetation period, the main plant growth elements
were measured: diameter, height and biomass. The results
showed a high interclonal variability for most parameters.
Statistically significant differences among clones, regardless of
site, indicated that the majority of study characters are
controlled by genetic factors, specific to each clone. Most
characteristics showed a statistically significant genotype x
environmental interaction, as clone rankings at the three
locations were not identical. The thickness of spongy tissue and
plant height exhibited the highest genotype x environmental
interaction, while the number of stomates per mm2 of the
adaxial surface of the leaf, leaf area, and biomass showed the
1
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least sensitivity to environmental change. Strong correlations
were shown between the number of stomates on leaf adaxial
surface and biomass, thickness of palisade layer and biomass,
leaf area and with height and biomass respectively. Leaf area,
also was strongly correlated with height. The results indicate
that the stomata number adaxial, thickness of palisade tissue,
net photosynthesis, and leaf area can be used in the selection of
nursery stock for the desired characteristics, that will result in
higher biomass production. Construction of high yielding
hybrids with desirable anatomical features was considered to
be feasible.
Key words: poplar clone, anatomy, physiology, variability, genotype x
environment interaction.
FDC: 165.5; 161.2/.3; 164.5; 168; 232.13; 232.328.1; 532; 537; 561; 176.1
Populus euramericana; 176.1 Populus deltoides.

Introduction
The genus Populus L. is broadly distributed in Europe,
North America, and Asia (CEULEMANS et al., 1988). The ability
of spontaneous and controlled intra- and interspecies
hybridization within the genus has, enabled the creation of a
high number of subspecies and transient forms, i.e. simple and
complex hybrids. This has resulted in a great natural variability which enables Populus species to inhabit a variety of
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forest sites, ranging from riparian to mesic. In addition to
broad adaptibility which is significant for breeding, poplars are
distinguished by extremly fast growth and are easy to vegetatively propagate (CAIN and ORMORD, 1984). From an economic
aspect, the species in the section Aigeiros are very important in
Yugoslavia. Although these species occupy a relatively small
amount of hectares, their ability to rapidly produce fiber is a
significant economic contribution.
The development of poplar research through the creation of
new clones and enhancement of nursery production and plantation establishment techniques has been highly stimulated by
a program Short Rotation Intensive Culture (SRIC) research
program. This program is directed toward biomass production
for energy and chemical and mechanical processing (ANDERSON
et al., 1983; FEGE, 1987; STETTLER et al., 1988).
Poplars have showed the greatest potential for fast growth
and biomass production compared to other tree species of the
temperate climate. According to some authors, they can
produce above 100 t of oven dry biomass per hectare over a for
period of 20 years, (HERPKA, 1965). In consideration of a world
wide shortage of timber for mechanical and chemical processing, and energy, the sudden interest for raising fast-growing
tree species is not a mere chance. Therefore a number of poplar
breeding programs have been directed to produce clones
characterised by superior growth and resistance to pests and
diseases of leaf and stem. A challenging problem faced by any
breeder is to recognize genotypes with desirable properties as
early as possible. Shortened periods of selection, also will
reduce overall research expenses (CEULEMANS et al., 1987). This
type of research is complex as growth is exibited by diameter,
height and biomass, which are quantitately inherited and a
reflection of numerous anatomic properties, as well as physiological and biochemical processes. To date, numerous poplar
clones have been created at Yugoslavian Poplar Research Institute, by hybridization and multiple selection. These genotypes
are characterized by exceptional growth and other desirable
properties, the most important of which is resistance to leaf
and stem diseases. To accelerate the selection process, as well
as to define critical parameters in the growth process, a long
term research program on anatomic properties and physiological processes was designed at the Institute. The construction
of a model tree (ideotype) after DICKMANN et al. (1994), is
actually a method of summarizing the overall plant physiology.
According to STETTLER et al. (1992), using a model tree is a
possible method of producing cultivars for Short Rotation
Intensive Culture Plantings. Previous studies have confirmed
the relationship between some anatomical and physiological
parameters with poplar yield and a very high degree of variability among poplar species (CEULEMANS et al., 1984; ISEBRANDS
et al., 1988; BARIGAH et al., 1994). This research points to a
very high interspecies variability, as well as correlation of
anatomic properties with growth elements. In a leaf anatomy
analysis of poplar clones attention was focused on epidermal
tissue, and especially to the number and size of stomates
(ORLOVIĆ, 1993; ORLOVIĆ et al., 1994). As stomates have an
indispensable role in the exchange of gases during the processes of photosynthesis, as well as transpiration, it was hypothesized that these parameters can be used to recognize
genotypes with fast growth. ORLOVIĆ and –DOKOVIĆ (1991)
concluded that there were statistically significant differences
between the number and size (length and width) of stomates of
different poplar species in the section Aigeiros, as well as that
the number of stomates is lower on adaxial side compared to
abaxial surface of the leaf. Additionally, ORLOVIĆ (1993) determined that the number of stomates is positively correlated
with increased biomass production of one-year-old poplar
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clones. However, stomata number also can be affected by site
conditions. GUZINA et al. (1995) showed that the differences
between the numbers of stomates of the North American
eastern cottonwood (Populus delotides BARTR.) and Euramerican hybrid poplar (Populus x euramericana (DODE) GUINIER)
clones in the field experiment on three types of soil, were
statistically different. Additionally, a genotype x environmental
interaction (GE) was shown. In this paper we evaluate genetic
variability in 9 anatomical, physiological and growth characteristics in P. x euramericana and P. deltoides clones for their
importance in selection for fast growth.
Material and Method
In spring, 1995, three polyclonal field plantings of 8 black
poplar clones were established in the nursery of the Yugoslavian Poplar Research Institute (45° 17’ N, 19° 53’ E, elevation
76 m) using cuttings. The planting contained four clones of the
hybrid Euramerican poplar and four clones of eastern cottonwood. Each of these clones had been identified as having fast
growth throughout the rotation cycle. Important characteristics of these clones are summarized in table 1. Each clones
was represented by 50 ramets within a each blocks, planted in
a single, row. The spacing was 1.2 m between rows and 0.25 m
between ramets within a row. The first planting was established on humofluvisol (Location 1); the second planting on a
loamy form of fluvisol (Location 2), and the third planting on a
sandy form of fluvisol (Location 3). The soil types were according to the classification system of S̆KORIĆ et al. (1985). The
study was conducted during and after the first growing season
after planting. During the study’s duration, the plantings were
not fertilized and treated with insecticides of fungicides.
Various anatomical, physiological and growth parameters
were evaluated to detect differences among the clones and
planting sites.
Leaf anatomy
The anatomic structure of leaf cross sections from completely
formed leaves fully exposed to light was analysed using
temporary preparations made on a freezing microtome. The
samples taken in mid summer, and ramets were selected
randomly. The sample consisted of 5 leaves from 10 ramets
from each block and location. The thickness of palisade and
spongy mesophyll tissues were measured under a light microscope equipped with a micrometer in the eyepiece.
Stomata number
The samples were taken from the upper third of the tree
upper height in the mid summer, and ramets were selected
randomly. The sample consisted of 5 leaves from 10 ramets
from each block and location. The number was determined by
“collodion method” (WOLF, 1950). Leaf blades, on selected
ramets was painted with colorless varnish between the second
and the third veins on the adaxial and abaxial epidermis. After
drying, varnish was removed by cellotape, which also removed
a part of leaf epidermis. The specimen was mounted on a glass
slide for microscopic evaluation of the stomates. The number of
stomates per mm2 was counted in four randomly chosen fields
of view using an eyepiece micrometer.
Net photosynthesis and dark respiration
Net photosynthesis and dark respiration were measured on
the sections of fully formed and exposed leaves. The sample
was taken in the mid summer, and ramets were selected
randomly. The sample consisted of 5 leaves from 10 ramets
from each blocks and locations.

Table 1. – Taxonomy and characteristics of clones used in this study.

Net photosynthesis and dark respiration were determined
polarographically by a Oxygen electrode (WALKER, 1989). Dark
respiration intensity was determined by the quantity of absorbed oxygen (in the dark), and photosynthesis by the quantity of
released oxygen, as expressed in mmol m–2 s–1. Very fine parts
of leaves (up to 0.5 mm) without veins (JONES and OSMOND,
1973) were used for the analysis. The leaf parts were placed in
1.5 ml of reaction medium consisting of: 50 mmol HEPES (N-2hydroxy-ethyl pi-perazine-N-2-ethane sulphonic acid), pH 7.6
to 7.8 and 1 mmol NaHCO3, at a constant temperature of 25 °C.
The photosynthesis process was observed under complete
saturation with white light supplied by quartz-iodide lamp
(STANKOVIĆ and WALKER, 1977).
Leaf area
The samples was taken at the end of vegetative growing
period, and ramets were selected randomly. The sample consisted of all leaves from 10 ramets from each block and location. Leaf area was measured by the apparatus LI 3000 (leaf
portable areameter).

Biomass
Dry weight biomass was measured, as an indicator of
productivity, by drying the entire ramet. The samples was
taken at the end of the first growing season. The samples
consisted of 10 randomly selected ramets from each block and
location. The ramets were lifted and soil washed from roots.
The ramets were dried at 105 °C. The heating and weighing
were repeated for 2-hr periods until constant weight is obtained (BROWNING, 1967).
Statistical analyses
The data were subjected to various statistical analyses
including: calculation of parameter means, coefficients of variation, analysis of variance (ANOVA), LSD tests and F tests. The
analyses of variance were done with MSTAT ver. 1.2 program.
The following model used was:
Yijkl = µ + ρi + αj + βk + γi + (αβ)jk + (αγ)jl + (βγ)kl + (αβγ)jkl + εijkl

Diameter and height measurements

where: Y = phenotypic mean; µ = mean, ρi = block effect; αj =
species effect; βk = clone effect; γi = site effect; (αβ)jk = interaction
effect between species and sites; (βγ)kl = interaction effect
between clone and sites; (αβγ)jkl = interaction effect among
species, clones and sites; εijkl = random error.

Diameter and height were measured on 20 ramets from each
block and location after the first growing season. The ramets
were selected randomly. Diameters were measured at the
height of 10 cm above the root collar.

The source of variation were: block (r), species (A), clone (B),
location (C), species x clone, species x location, clone x location
and species x clone x location. F tests were used to determine if
significant differences existed.
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Table 2. – F values for investigation characters.

Results
The analyses of variance revealed statistically significant
differences between species, clones and locations (Table 2). In
addition, all interactions species x clone, species x location,
clone x locality, and species x clone x location were statistically
significant. There were no statistically significant differences
among the blocks.
Genotype x Environment Interaction
The analysis of variance (Table 2) revealed a highly significant interaction between clone and location for all parameters,
indicating a large genotype x environment interaction. This is
supported by the change in rank of the clones at each location
for all parameters (Tables 3, 4, and 5). The greatest quotient
between variance genotype x environment and genetic variance
(Table 6) characterized the thickness of spongy tissue and plant
height (6.61 and 3.01). A very small quotient characterized the
number of stomates per mm2 of adaxial surface of the leaf, leaf
area, and biomass (0.05, 0.12 and 0.11).
Leaf anatomy
The thickest palisade tissue occured in the eastern cottonwood clone, PE 19/66 at all locations (Table 3). Hybrid poplar
clone Ostia had the thinnest palisade tissue at all locations.
The coefficient of variation for thickness of palisade tissue
ranging from 0.33 to 4.02. The LSD tests separated the clones
into six groups of homogenity.
The greatest thickness of spongy tissue occured in the hybrid
poplar clone Ostia at Location 1 and eastern cottonwood clone,
PE 19/66 at Locations 2 and 3 (Table 3). The thinnest layer of
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this tissue was found in hybrid poplar clones I-214 at the first
location and Robusta at the second and third locations. The
intraclonal variation was low, i.e., low coefficient of variation
(from 0.59 to 4.85). The LSD tests separated clones into five
groups of homogenity.
Stomata number
The results show that the greatest number of stomates per
leaf mm2 on leaf adaxial side occured in one or both clones of
eastern cottonwood (PE 19/66 and 54/76-28) in all plantings
(Table 3). The lowest number of stomates was found in the
clone I-214 at the first location, in the clone Robusta at the
second location, and in the clones Ostia and M1 at the third
location; all were hybrid poplar clones. The coefficient of variation for this parameter ranging from 1.21 to 10.76. The LSD
tests separated clones into four groups of homogenity.
The highest number of stomates per mm2 on leaf abaxial
surface was found in the hybrid poplar clone I-214 at all locations (Table 3). The lowest number of stomates occured in the
eastern cottonwood clones S6–7 at the first and the second
locations and B-17 at the third location. The intraclonal variation was low, i.e., coefficient of variation ranging from 0.92 to
8.45. The LSD tests separated clones into several groups of
homogenity.
Net photosynthesis and dark respiration
Net photosynthesis was most intensive in the hybrid poplar
clone M1 at the first and second locations and I-214 at the
third location (Table 4). The lowest net photosynthesis occured
in the hybrid poplar clone Ostia at the first and third locations
and in eastern cottonwood clone 54/76-28 at the second loca-

tion. The coefficient of variation for this parameter ranging
from 1.04 to 9.10. The LSD tests separated clones into four
groups of homogenity.
Dark respiration intensity was generally uniform at each
locations (Table 4). The highest dark respiration intensity was
in the hybrid poplar clone I-214 at all locations, and the lowest
in the hybrid poplar clone Robusta at the first and second
locations and eastern cottonwood clone B-17 at the third locations. If the clone Robusta is excluded, the highest respiration

intensity of all study clones occurred at Locality 1. The
intraclonal variation was low, i.e., coefficient of variation
ranging from 1.73 to 11.85. The LSD tests separated clones into
three groups of homogenity.
Leaf area
There was a large interclonal difference in leaf area (Table
4). Leaf area was greatly affect by location with the greatest
number of clones having the largest leaf area at the first loca-

Table 3. – Means and LSD test for number of stomata, thickness of palisade tissue and spongy mesophyll of each clone.

1

) LSD 0.05

Table 4. – Means and LSD test for net photosynthesis, dark respiration and leaf area of each clone.

Table 5. – Means and LSD tests for diameter, height and biomass of each clone.
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Table 6. – Quotient between the genotype x environment onteraction variance and the genetic variance.

tion. The eastern cottonwood clones, PE 19/66 at Locations 1
and 3 and B-17 at Location 2, had the largest leaf area at each
respective location. The P. x euramericana clone Ostia had the
smallest leaf area at all locations. The coefficient of variation
for this parameter ranging from 0.33 to 7.73. The LSD tests
separated clones into several groups of homogenity.
Diameter and height growth
The largest mean diameters were in the clones M1 (P. x
euramericana) and 54/76-28 (P. deltoides) at the first location
and eastern cottonwood clones, B-17 and 54/76-28 at the
second and third locations, respectively (Table 5). The smallest
diameters were in the hybrid poplar clones Robusta at Locations 1 and 2 and I-214 at Location 3. The intraclonal variation
was low, i.e., coefficient of variation ranging from 1.62 to 7.84.
The LSD tests separated clones into four intervals of homogenity.
Hybrid poplar clone I-214 had the greatest height growth at
the first and second locations (Table 5). At the third location,
the eastern cottonwood clone B-17 exibited the best height
growth. Hybrid poplar clone Ostia was the shortest clone at the
first location, while eastern cottonwood clones S6–7 and
54/76-28 had the shortest ramets at the third locations respectively. The coefficient of variation for this parameter ranging
from 1.14 to 7.35. The LSD tests separated clones into three
groups of homogenity.

Table 7. – Correlation coefficient among investigation parameters.
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Biomass
The eastern cottonwood clones PE 19/66 and B-17 had the
greatest total dry biomass at the first and second locations,
respectively (Table 5). Hybrid poplar clone Ostia had the lowest
biomass at all locations. The interclonal variation of this
parameter was low, as indicated by the low coefficient of variation (from 0.89 to 7.20). LSD tests separated clones in several
intervals of homogenity.
Correlation analysis
Correlation coefficients between the analyzed characters are
presented in table 7. The relationships between anatomical and
physiological parameters and growth elements were especially
important. Strong correlation was shown between the number
of stomates on leaf adaxial surface and biomass, thickness of
palisade layer and biomass, leaf area and and height and
biomass, leaf area and height. Moderate correlation was shown
between the stoma number adaxial and diameter, stoma
number abaxial and height, net photosynthesis and height, and
dark respiration and height.
Discussion
The most important tissue from the aspect of productivity is
palisade tissue. Previous research indicated that this tissue
with spongy tissue, were positively correlated with the biomass
production (ORLOVIĆ, 1993). These two tissues constitute the

internal photosynthetic area which, together with leaf area,
comprise the total photosynthetic area. Clone PE 19/66, as
well as clones I-214 and M1 of Euramerican poplar (Populus x
euramericana) had the thickest palisade tissue at the first
location on humofluvisol, which is the richest experimental
location in humus. The clones of eastern cottonwood had a vast
number of stomates on leaf adaxial and abaxial surfaces, in
comparison with the hybrid poplar clones. This is understandable as transpiration through stomates must be conducted out by a very developed photosynthetically active tissue.
These results are consistent with previous research on stomates on poplar leaves (CEULEMANS et al., 1988; ORLOVIĆ and –
DOKOVIĆ, 1991; ORLOVIĆ, 1994).
Net photosynthesis was the most intensive in the clone M1
(P. x euramericana) and PE 19/66 (P. deltoides) at Location 1
while the hybrid clone I-214 and cottonwood clone B-17 showed
the most intensive photosynthesis at Location 3. This is
probably due to different clonal requirements for soil fertility
and responses to environmental conditions, i.e., genotype x
environment interaction.
The net photosynthesis of the clones of Euramerican poplar
(M1 and I-214) was higher than that in the clones of Eastern
cottonwood, can be explained by the effect of heterosis. The
hybrid clone Ostia had the lowest intensity of photosynthesis
compared to other clones of Euramerican poplar. Practical
experience at the Yugoslavian Poplar Research Institute has
shown that this clone is less productive compared to other
hybrid clones. However, the clone Ostia is still important as it
can tolerate somewhat drier sites. As for respiration intensity,
the study confirms the existence of interclonal variability. The
clones differed very slightly, but significantly, with respect to
this parameter. Net respiration in this study was somewhat
more intense than in reference data, probably resulting from
the measurement of this parameter on older leaves. Leaf area
is another significant physiological parameter that affects the
quantity of absorbed energy, which is directly related to yield,
is leaf area. As with net photosynthesis, the eastern cottonwood clones have larger leaf surfaces overall than hybrid
poplars. Leaf area was the largest in high yielding clones of
eastern cottonwood (PE 19/66), and Euramerican poplar (M1
and I-214). This phenomenon had already been observed in
other clones of these species (ORLOVIĆ, 1993, 1996; BARIGAH et
al., 1994). This results was also showed by previous research of
P. trichocarpa x P. deltoides hybrids with heterosis of hybrid
genotypes regarding the formation of larger leaf area, faster
closing of stomates in drought conditions, higher number of
epidermal cells (HINCKLEY et al., 1989). Interclonal differences
in net photosynthesis and respiration, as well as in the size of
leaf area, depended also on the locality in which the clones
were raised.
Clones PE 19/66, 54/76-28, M1 and I-214 generally had
greater diameter and height means that other clones of each
respective species at the Locations 1 and 2. At the third location, the means were considerably lower with less difference
among clones; the consequence of a relatively poorer soil. Clone
PE 19/66 generally produced more biomass than the other
eastern cottonwood clones across locations. In the hybrid
poplars, however, Robusta is the best producer at all sites.
As the planting were established on three soil types, the
adaptability of each clones was assessed. Most characteristics
showed a statistically significant genotype x environment
interaction. In addition, clonal rank at the three locations was
not identical, reflecting the genotype x environment interaction
for in all characteristics. The thickness of spongy tissue and
plant height exhibited the highest interaction, while the

number of stomates per mm2 of the adaxial surface of the leaf,
leaf area, and biomass showed the least sensitivity to environmental change. The results demonstrated that the genotype x
environment interaction must be considered during selection
as previously shown by LINDGREN (1984). Options for breeding
include: 1. selection of genotypes that perform similarly on all
sites, or 2. division of areas into several selection zones, with
special breeding programs for each zone. The practical result is
a combination of the above options through productional
genotypes that are stable over a range of environments (fide
RONNBERG-WASTLJUNG, 1996), and also developing high yielding
clones matched to specific sites. In research on white willow
(Salix alba L.) adaptability, KRSTINIĆ (1984) adopted a similar
approach with success.
Previous research has shown the positive correlation
between the number of stomates per mm2 and growth elements
(ORLOVIĆ, 1993; BARIGAH et al., 1994; ORLOVIĆ et al., 1995).
Additionally, net photosynthesis has been positively correlated
with growth elements in some cases (GORDON and PROMINTZ,
1976; CEULEMANS and IMPENS, 1983; ISEBRANDS et al., 1988;
CEULEMANS, 1990; ORLOVIĆ et al., 1995). This positive correlation was much more frequent for poplars in comparison to
agricultural crops. This difference was also the consequence of
the character of yield, which is vegetative for poplars, and
reproductive for agricultural crops (CEULEMANS and SAUGIER,
1991). In other studies, correlation involving net photosynthesis was absent, as this parameters was not measured
throughout the vegetation period (FOOTE and SHAEDLE, 1974),
or because other parameters important for yield, such as the
size of leaf area and the content of photosynthetic pigments,
were not monitored. The results of the research indicates that
the stomata number adaxial, thickness of palisade tissue, and
leaf area can be used in selection of nursery stock for the desired characteristics, i.e., for biomass production.
The results indicate that it is possible to create genotypes
with an optimal structure of vegetative organs and level of
physiological processes. These genotypes can serve as models
for selection of high yielding, heterotic clones. The genetic control of these characters and the influence of environment will
be determined through analyses of clonal plantations of halfand full sibling from subsequent breeding experiments on a
variety of sites.
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Defining Cryptomeria Seed Sources Useful for Taiwan by Superimposing
Probabilities of Good Provenance Results over Climatic Data Maps
By J.-C. YANG1), CH.-CH. CHENG2) and F. H. KUNG3)
(Received 12th January 1998)

Abstract
One hundred cryptomeria seedlots, originally obtained from
Japan in 1972 were planted in two plantations in Taiwan. At
age 23, ninety-six surviving seedlots were measured for height
and diameter. Superior seed sources were identified as those
with greater heights and diameters than plantation means. We
also received climatic data from weather stations near the
seedlots. Climatic maps for the coldness index, warmth index,
mean January temperature, and mean annual temperature
were overlaid on top of the map of Japan. The probability of
finding superior seedlots in each climatic zone was calculated
and a probability was assigned to each pixel of the climatic
zones using the thematic mapping technique. The four probabil-
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ity maps were then overlaid one on top of the others to form an
average probability map. From the final layout it shows that
the southwestern seedlots grow faster than the northeastern
seedlots. Seedlots from the coastal area of the Pacific Ocean
grew better than those from the Japan Sea coast. In terms of
administrative areas, provenances from Kyushu, Shikoku,
western part of Chiugoku, and southern part of Kinki grew
best in our two plantations. On the other hand, seedlots from
the north-central part of Toohoku were inferior to other
provenances. In terms of climatic zone, the best cryptomeria
seed sources should be from areas with a coldness index higher
than -5 degree-months, a warmth index between 130 and 140
degree-months, mean January temperature above 9 °C, and
mean annual temperature above 18 °C.
Key words: Provenance, cryptomeria, seed collection zones, GIS, thematic mapping.
FDC: 165.52; 111.24; 111.77; 111.8; 181.65; 181.22; 232.12; 561.1/.2;
174.7 Cryptomeria japonica; (520); (529.1).

Introduction
Cryptomeria (Cryptomeria japonica D. DON) trees were first
introduced from Japan to Taiwan about one hundred years ago.
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