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Abstract

Three poplar clones of section Populus
(Brauna 11 [Populus tremula], L447 [Populus
canescens] and Esch 5 [Populus tremula x Popu-

lus tremuloides]) were used to analyse the
effects of ploidy levels on primary productivity
and water use efficiency. The clones were estab-
lished in tissue culture (2N) and lines with dif-
ferent ploidy levels (2N/4N and 4N) were
generated via colchicine treatment. Light
response curves were modelled based on gas
exchange measurements carried out three times
during the growing season on the 1st fully devel-
oped leaf under controlled conditions. The
plants were harvested in September to analyse
biometric parameters. The photosynthetic
capacity was greatest in May, decreased
throughout the season and increased slightly
again in September. The decrease in Brauna 11
and Esch 5 varied from 20–50% compared with
values in May and it was not as pronounced in
L 447. Photosynthesis and intrinsic water use
efficiency differed between clones, but not
among the single isogenic lines within each
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clone. The seasons in which the experiments
were conducted influenced the rankings of the 9
variants in physiological measurements, but
these rankings were not uniform during the
growing period. Differences in biometric param-
eters were detected between the clones and
variants, e.g.; leaf masses were greater in all of
the polyploid variants and lowest in the diploid
variants. All of the L 447 lines showed the high-
est wood densities, which were higher in the
mixoploid and lower in the tetraploid variants
within each clone. A compact wood structure
could prevent damage to the water-conducting
system under drought stress.

Key words: poplar, diploid, mixoploid, tetraploid, net
photosynthesis, water use efficiency, specific leaf
area, photosynthetic capacity, light response curve,
wood density.

1. Introduction

Since the first triploid tree showing high
growth performance and resistance traits were
discovered, (MÜNTZIG, 1936; NILSSON-EHE,
1936), the breeding of polyploid individuals has
become goal of breeders. Nevertheless, the ulti-
mate success of breeding and of using poly-
ploids in forestry was restricted by the long life
cycle of most trees. This was not the case in hor-
ticulture, where triploids yield superior fruit
quality and size (EWALD et al., 2009), and often
possess improved characteristics compared with
their diploid counterparts with respect to mor-
phological changes (WANG et al., 2014).

Because of their rapid juvenile growth,
amenability to intensive culture, economic
interest related to bioenergy, and high utility
for a wide variety of wood and fibre products,
trees of the genus Populus, and particularly
their specific hybrids, have been studied for sev-
eral decades (MONCLUS et al., 2006; CEULEMANS,
1990; DICKMANN et al., 1983; GORDON et al.,
1976; DICKMANN et al., 1975). Poplars exhibit
some of the highest CO2 exchange rates and
leaf photosynthetic capacities among woody
plants, and this production and resource utilisa-
tion is under strong genetic control (NELSON et
al., 1984). In addition, these trees are noted for
their higher water use compared with other for-
est species. High net photosynthesis (A) and
intrinsic water use efficiency (WUEintr) and tol-
erance to water deficits are critical links
between poplar wood production and water
management in dry regions (MONCLUS et al.,

2006). Thus, global warming and the expected
water limitation will likely significantly impact
Poplar cultivation in areas with poor soil and
limited annual precipitation. Especially poplars
of the section Populus (former Leuce), that have
been chosen for these experiments, fulfill better
the demand for drought tolerance, compared
with hybrid poplars (Aigeiros x Tacamahaca).
Knowledge of the variation in the physiological
and morphological parameters of the available
plant material is required, and breeding pro-
grammes should consequently focus on new
rapidly growing clones and combinations (ZSUFA

et al., 1996). The findings of MONCLUS et al.
(2009) suggest that it should be possible to
select genotypes combining higher productivity,
water use efficiency and drought tolerance. The
link between tree genetics and physiology in
poplars provides attractive challenges for col-
laboration between these two disciplines
(STETT LER et al., 1993). Natural polyploids
exhibit genetic effects of polyploidy in some
cases and due to the altered genetic regulation
of metabolism. In light of the widespread suc-
cess of some polyploid plants, it would appear
that polyploidy can confer adaptive advantages,
such as higher photosynthetic rates and, conse-
quently, higher biomass accumulation (XU et
al., 2014), as well as enhanced resistance to
environmental stresses, such as drought, salt
and cold. Polyploidy can also cause variation in
morphology (LEAL-BERTIOLI et al., 2012). In
species with a range of ploidy levels, one partic-
ular ploidy level might be the most productive,
as was demonstrated by QI et al. (2010), who
found that leaf photosynthetic characteristics
were enhanced in polyploid Populus ussurien-
sis. This result is supported by the findings of
WARNER et al. (1993), who observed that in poly-
ploid plants the photosynthetic rate per cell is
correlated with the amount of DNA per cell;
therefore, at higher ploidy levels, higher photo-
synthetic rates are expected. Furthermore,
intersectional hybrids showed higher CO2
exchange rate than their parental species. Lab-
oratory experiments under controlled conditions
are required to compare the different clones,
and such data could be used to predict perform-
ance of poplars in the field (CEULEMANS et al.,
1980; ISEBRANDS et al., 1988). However, photo-
synthesis is a complex trait under polygenic
control and these measurements are often
instantaneous estimations from individual
leaves and could not be representative of the
entire day or season (ISEBRANDS et al., 1988),
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are weak (CEULEMANS et al., 1987) or do not
exist for ploidy levels lower than hexaploid
(BUNN et al., 2004; WARNER et al., 1993). Hence,
this study will examine the hypothesis that bio-
mass and wood quality in poplar clones can be
improved through the selection of specific mor-
phological and physiological traits and that an
appropriate ploidy level might be an indicator
for an early selection. Seasonal trends and their
influences on these parameters will also be
analysed. 

2. Materials and methods 

2.1. Plant material

For this study poplar clones of the Populus
section (former Leuce) were chosen, mainly due
to their low requirements of soil quality, water
supply and tolerance to drought stress. Three
clones were obtained from the Thünen-Institut
of Forest Genetics, Waldsieversdorf, Germany.
Populus tremula sp (clone Brauna 11), Populus
tremula � Populus tremuloides hybrid (clone
Esch 5 from combination Brauna 11 x Turesson
141, now defined as sort “Holsatia”) and Popu-
lus canescens (clone L447) (Table 1) were origi-
nated and propagated through tissue culture
(EWALD et al., 2009). L 447, a grey poplar
(P. tremula x P. alba), was included because it
was better in performance, like aspen and
hybrid aspen clones used here. The genotype-
environment interaction in hybrids is generally
less pronounced than in parent species. There-
fore, hybrids perform better in different envi-
ronments compared with parental types. 

Three stable subsets of each clone were gener-
ated: diploid (2N), mixoploid (2N/4N) and
tetraploid (4N). The mixoploid and tetraploid
lines were obtained through in vitro colchicine
treatment of shoots tips or meristems of leaf
axils using 0.1% colchicine for 16 hours. This
toxic natural product prevents the appropriate
distribution of chromosome chromatids by bind-
ing to tubulin, one of the main constituents of
microtubules, and thereby causes polyploidy in
the resulting cells (EWALD et al., 2009). The
micropropagated shoot tips were maintained at
23°C under a 16 hours photoperiod supplied by
warm-white fluorescent light.

Using this method, it was possible to generate
a large number of plants, but in the mixoploid
lines, although they were stable for more than
one year before start the experiments, the
ploidy level had to be tested because mixoploid
plants could be to a low extent unstable split-
ting back to diploid or tetraploid individuals
(VÄINÖLÄ, 2000). When the plantlets reached an
appropriate size, they were planted in commer-
cial propagation soil in individual 2 litre pots.
Immediately after transferring the plantlets to
the soil, they were inoculated with endophytic
bacteria and fungi in commercial powder
 (“Mycorrhizae soluble” brand from www.myc-
corhizae.eu) to avoid fungal attacks and dis-
eases (ULRICH et al., 2008) and to increase the
absorbing capacity of the roots regarding the
water and nutrient supply. The plantlets were
placed in a greenhouse under controlled
 environmental conditions using supplementary
light to provide long-day conditions of approxi-
mately 12 hours. A flow cytometry analysis was

Table 1. – Studied Poplar materials with name, parental provenances, sex and general
features.
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performed to detect the correct ploidy level in
mixoploids and in some tetraploid plants.
 Mixoploids are a type of chimera that consists
of diploid cells (2N) and tetraploid cells (4N)
(KAENSAKSIRI et al., 2011). These tests were
 carried out twice a year; 1) when the plantlets
were growing in tissue culture. 2) after trans-
ferring the plantlets to the soil. Nuclei suspen-
sions were prepared from leaf tissues as
described by GONZÁLEZ CASTAÑÓN et al. (2002)
using a Partec CyFlow® Ploidy Analyser „DAPI“
(Partec GmbH, Münster, North-Rhine West-
falia, Germany). By comparing the samples to a
known diploid standard, the ploidy level was
determined (WANG et al., 2014). After 12 weeks,
the plants were relocated to another greenhouse
in ZALF (Leibniz Center for Agricultural
 Landscape Research, Müncheberg, Germany),
where measurements were performed. Thirty
plants of each clone (10 per ploidy level) were
selected for gas exchange measurements. The
plants were well watered during the experimen-
tal period. 

2.2. Gas exchange measurements

Gas exchange was measured in the 1st fully
expanded leaf of each plant. The measurements
were performed in a climate-controlled chamber
under normalised conditions (21°C, 60–65%
R.H. or 15°C, 85% R.H. during the day or night,
respectively) using a portable open gas
exchange system (HCM-1000, Walz, Effeltrich,
Bavaria, Germany). During the measuring
period, the photosynthetically active radiation
(PhAR) was increased in daily increments,
where each light intensity stage was main-
tained for an entire day. The level of light in the
cuvette and the climate chamber was increased
from zero (dark respiration) to 1000 µmol
quanta/m2s. The following levels were used:
0, 50, 120, 200, 300, 500, 750, and 900 or 1000
µmol quanta/m2s. This procedure was used to
measure the light response of net photosynthe-
sis (A). The temperature and relative humidity
in the gas exchange cuvette were held constant
at 21°C and 60–65%, respectively. Conse-
quently, each experiment was performed over
7–8 days in a set of 10 plants per clone. The
measuring of the 90 plants per light step
required 10 hours per day. To avoid systematic
errors due to different sensibilities during the
daytime, the time sequence was randomly
planned to ensure that diurnal changes in car-
bohydrate status were minimal. This measure-

ment procedure was repeated 3 times during
the season, approximately every 6 weeks. 

2.3. Biometric measurements

Plant height was measured every two weeks
to describe the ontogenetic development of
plant growth. In September, the specific leaf
area (SLA) of a sub-set of 18 plants was calcu-
lated as the quotient of the leaf area (LA) and
dry mass (65°C over 24 hours). The LA was
determined using a mobile handheld scanner
(Scandoo SD, dnt-GmbH, Dietzenbach, Hesse,
Germany) and the open access software Lafore
(V. Lehsten, Oldenburg University, Lower Sax-
ony, Germany). The leaves that fell during the
season were collected, dried and weighed. The
whole biomass was harvested in September and
biometric analysis of the woody parts was per-
formed. The maximal diameters and lengths
were determined. The wood was then dried at
105°C during 24 hours and weighed with bark.
The wood volume of each of the 90 trees was
calculated using the frustum formula, the wood
dry mass was determined and the density of the
dry wood was calculated from the dry mass and
the wood volume. 

2.4. Calculations and statistical analysis

Based on the measured parameters, the net
photosynthesis (A), transpiration rate (E) and
vapour pressure deficit (VPDleaf) were deter-
mined according to CAEMMERER and FARQUHAR

(1981), and the stomatal conductance (gs) and
intrinsic water-use efficiency (WUEintr) were
calculated according to FARQUHAR et al. (1989)
and TAMBUSSI et al. (2007).

The obtained light response curves were fitted
to a non-linear exponential model (WEBB et al.,
1974, modified by SCHULTE et al., 2003) using
Excel Solver:

A = f (I) = a – exp (b (–I)) c 

where A is the net CO2 exchange rate (µmol
CO2/m2s) and I is the applied PhAR (µmol
quanta/m2s). The variable parameters a, b and c
are values to specify the light response curve, at
which a is the maximal photosynthesis (Amax)
and a-c is represent dark respiration. Further-
more, the following parameters can be derived: 

–  Light Saturation Point (IS) (µmol
quanta/m2s) = ln (0.1 a/c) (–1/ b) describes the
light value at 90% of Amax.
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–  Light Compensation Point (I0) (µmol
quanta/m2s)  = ln (a/c) (–1/ b) the light value at
which gross photosynthesis is compensated by
respiration.

A factorial ANOVA was used to assess statisti-
cally significant effects of the species, ploidy
level and species � ploidy level interactions on
the photosynthetic parameters and growth per-
formance. When the main effects were signifi-
cant, or when interactions were detected, post

hoc tests were performed using Tukey’s Multi-
ple Range Test or the Newman-Keuls test. The
differences were tested at probability levels of
p=0.05, 0.01 and lower values. Linear correla-
tions between different parameters were also
carried out by Pearson’s coefficient tests. All
statistics were calculated using the statistical
software NCSS (Kaysville, Utah, USA) and the
mathematical programme Mathematica 8.0 dis-
tributed by Wolfran (Hamborough, Oxford-
shire,UK).

Figure 1. – Light response of photosynthesis (A) in the young fully developed leaves of three poplar clones of dif-
ferent ploidies; a, b, c: Brauna 11 light response curves for May, July and September, respectively; d, e, f: L447
light response curves for May, July and September, respectively; g, h, i: Esch 5 light response curves for May,
July and September, respectively; (diploid – circles and black lines, mixoploid – triangles and grey lines,
tetraploid – squares and dotted lines) during the growing season (May, July and September). Regression lines
based on SCHULTE et al. (2003). Mean values (± SD). Temperature = 21°C, relative humidity = 65%, n = 10.
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3. Results

3.1. Ploidy level tests

The flow cytometry analysis showed that
approximately 5% of the total mixoploids
became diploids or tetraploids. The plants that
showed an incorrect ploidy level were discarded
and replaced. Therefore, this analysis is justi-
fied, although it is timeconsuming and expen-
sive. 

3.2. Net CO2 gas exchange rates

Variations in net photosynthesis (A) due to
the season were detected; the results for all
clones in May were higher than those in July
and September (Fig. 1). Seasonality was the
strongest influencing factor, while only a few
significant differences were caused by the
ploidy level (Table 2).

In May, the three tree clones differed signifi-
cantly. Brauna 11 was the most productive
clone (Fig. 1a), with net photosynthesis (A)
peaking at approximately 15 µmol CO2/m2s, fol-
lowed by Esch 5 (up to 12 µmol CO2/m2s, see
Fig. 1g). L447 displayed the lowest A, showing
values of approximately 9–10 µmol CO2/m2s at
500 PhAR, which decreased at higher light
intensities (Fig. 1d). The photosynthetic rates

decreased in all clones in the middle of the
growing period compared with the previous
measurements. In July, the photosynthesis of
the clones differed significantly, and influences
of the ploidy level were found at low light inten-
sities (50-300 PhAR) (Table 2). The values were
lower than in May for all 9 variants, with
Brauna diploid (Bd) exhibiting the highest net
photosynthesis of up to 10.4 µmol CO2/m2s at
500 PhAR (Fig. 1b), which then decreased
under higher light conditions. Differences
between Esch 5 and Brauna 11 were significant
only in some single light steps, but differences
of both clones with L 447 were detected (Table
2). There were significant differences between
the diploid Brauna 11 and its mixoploid and
tetraploid lines (Figure 1b). The mixoploid and
tetraploid lines of L447 showed the lowest val-
ues among the 9 variants throughout the entire
measurement period. The last measurements
were obtained in September, very close to the
time of senescence. Compared with previous
measurements, a slight increase in net photo-
synthesis was observed in all of the Esch and
Brauna clones except Bd, whereas an increase
was not observed not in the L447 lines. This
increase occurred in a different manner for each
isogenic line. There was a clear effect of clone,
but no effect of the ploidy level was detected.

Table 2. – Multiple ANOVA for photosynthesis (A) during the growing period. Different letters in the same rows
indicate significant differences at p≤0.05, determined through Tukey-Kramer post hoc analysis.
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Figure 2. – WUEintr under saturated light (500 PhAR) during the growing season. a, b, c: measurements collected
in May, July and September, respectively. Mean values (± SD). The bars with different letters are significantly
different at p≤0.05, determined through Tukey-Kramer post hoc analysis. Temperature=21°C, relative humid-
ity=65%, n=10.

Figure 3. – Seasonal evolution of net photosynthesis (Amax), the light saturation point (IS) and the light compen-
sation point (I0) in the clones Brauna 11 (a, b, c, respectively), L447 (d, e, f) and Esch5 (g, h, i). Empty circles,
diploid isogenic line. Grey circles, mixoploid isogenic line. Bold circles, tetraploid isogenic line. The values
were obtained from the model created by WEBB et al. (1974), as modified and supplemented by SCHULTE et al.
(2003).
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3.3. WUE intrinsic at 500 PhAR

The WUEintr observed under previously satu-
rated light (500 PhAR) oscillated greatly during
the growing season (Fig. 2) and same trend as
in A was detected. The effect of the season in
which the measurements were collected was
significant. Higher values were obtained in
May, but all of the clones were within the same
range (Fig. 2a). From May to July, there was a
substantial decrease of more than 50%, and
once again, none of the clones showed signifi-
cant differences (Fig. 2b). In September, an
increase in the WUEintr was detected compared
with the results for July, but the clones still
failed to reach the values they presented in
May.

In general, there were no significant effects of
the ploidy level or the clone. In the range of 
0-600 PhAR, L447 was the most water-efficient
clone, while under high light intensities, Esch5
was the most water-efficient clone. 

3.4. Maximal Photosynthesis (Amax), 
Light saturation point (IS), Light compensation
point (I0)

The parameters that were derived from the
model are shown in Figure 3. Similar trends
were found in the analyses of IS and Amax. The
maximal photosynthesis varied in all clones
during the different measurements in the sea-
son. In May, Brauna 11 exhibited the highest
Amax; its 3 isogenic lines presented values vary-
ing between 15 and 16.5 µmol CO2/m2s, with

the tetraploid line showing the highest value
(Fig. 3a). The next highest values were found
for Esch 5 (Em), which showed a decrease of
15% compared with Brauna. L447 presented
the lowest Amax. In July, the 9 variants exhib-
ited decreased values compared with May, with
the largest decrease observed in Brauna 11
(40%). At the end of the growing season, minor
increases were identified in almost all of the
Brauna 11 and Esch 5 lines and decreases in Bd
and all lines of L 447 (Fig. 3a, d, g).

Seasonal changes in IS were also observed in
all of the isogenic lines. Under early spring con-
ditions (May), the highest IS values were found
in Brauna 11, while the diploid line of L447
exhibited the lowest IS value (Fig. 3b, e, h). In
early summer (July), all of the variants showed
a decreased IS. During late summer, an increase
in IS was found, but not in all variants. In May,
Pearson’s coefficient for Amax and IS with height
for all lines (90 plants) was negative and strong
(r = –0.88 and –0.81, respectively). Light com-
pensation points (I0) were detected between 20
and 33 µmol quantum/m2s for all of the clones
during the seasons (Fig. 3c, f, i).

3.5. Biometric parameters

Data concerning total plant biomass are
shown in Table 3. There were significant differ-
ences between both clones and ploidy levels,
and a clone x ploidy level interaction was
detected. The trees produced a mean leaf dry
mass of 13.7 to 18.8 g, with the greatest leaf

Table 3. – Wood and leaf parameters. The material was harvested at the end of the growing period and then dried
at 105°C for 48 hours. Different letters in the same row indicate significant differences at p≤0.05 determined
through Tukey-Kramer post hoc analysis. Leaf mass; n=10, specific leaf area, leaf area, wood parameters; n=2.
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mass produced by the tetraploid line, followed
by the mixoploid and diploid lines within each
clone. The whole-plant leaf area was highest for
the Esch5 tetraploid (Et) (4089 cm2) and lowest
for the L447 tetraploid (Lt) (2518 cm2). The low-
est specific leaf area was found for the L447
lines, which presented a decrease of more than
one-third compared with Brauna 11 and Esch 5.
Significant positive correlations of the har-
vested SLA and LA with the WUEintr in all
groups (90 plants) were observed at 500 PhAR
in September (r = 0.78 and 0.3, respectively)
and of the SLA and LA with A at 500 PhAR
(r = 0.70 and 0.78, respectively).

The wood mass ranged between 12.5 g and
22.9 g, for Bt and Em, respectively, and was sig-
nificantly different between clones as well as
ploidy levels. The wood volume was signifi-
cantly different: the highest value was observed
in the mixoploid line of Esch 5 (56.7 cm3),
whereas the lowest value was observed in the
tetraploid line of Brauna 11 (31.4 cm3).

The wood density is one of the most important
criteria for the categorisation of wood and fibre
quality. Significant influences of the clones and
ploidy levels on this parameter were detected.
All mixoploid lines tended to have the highest
wood densities within each clone. The highest
range of wood densities was obtained in L447,
despite its low photosynthetic rate.

L447 exhibited the highest growth, followed
by Esch5 and Brauna 11. During the first part

of the growth period (≈100 days in soil), the
height of the plants differed and was signifi-
cantly influenced by the clone as well by the
ploidy level (Table 4). The mixoploid and diploid
lines of all clones showed similar values, with
the mixoploid lines being slightly taller and the
tetraploid lines being the shortest. From the
end of July to the final harvest, growth stopped
in all of the clones (≈130 days in soil).

4. Discussion

Ploidy breeding of Populus through tissue cul-
ture methods (using colchicine) permits the
treatment of large quantities of clonal shoot tips
and the selection of tetraploids in vitro to gener-
ate and select new plant material for biomass
production (EWALD et al., 2009). The collabora-
tion between tree genetics and physiology pro-
vides attractive challenges for the breeding of
selected polyploids showing rapid growth and
resistance to the changing conditions (CEULE-
MANS et al., 1990; KARAC̆IĆ and WEIH, 2006).
Increases in photosynthesis to obtain a higher
harvest yield might be accomplished by manip-
ulating the crown shape and structure, leaf dis-
play or photosynthetic efficiency (LARSON et al.,
1969) and by selecting the appropriate ploidy
level (QI et al., 2010; LAVANIA; 2005, XU et al.,
2014). In this study, the European aspen clone
Brauna 11 was the most productive clone in
terms of photosynthesis, followed by the aspen
hybrid Esch 5, with the grey poplar L447 show-

Table 4. – Height evolution during the growing period (mm). Significance levels of the analysed parameters: 
*p<0.05, **p<0.01, ***p<0.001, 0=p>0.5, Different letters in the same row indicate significant differences at
p≤0.05 determined through Tukey-Kramer post hoc analysis.
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ing significantly lower photosynthesis. How-
ever, no remarkable influence of the ploidy level
was detected. 

TAMBUSSI et al. (2007) declared that a high
WUEintr can be achieved either through lower
stomatal conductance, a higher photosynthetic
capacity or a combination of both. BACON et al.
(2004) and QI et al. (2010) reported that there is
a tendency for WUE to decrease with increasing
productivity, which was confirmed in the pres-
ent study by the results for Esch 5 and Brauna
11. Therefore, growing clones with high water-
use efficiency under well-watered field cultiva-
tion may be detrimental for productivity. Thus,
under drought conditions, L447 would have an
advantage. In our study, WUE was investigated
under well-watered conditions. Under drought
conditions, however, gs is expected to decreased.
Thus, photosynthesis and WUE would be
altered to a different extent in each individual
clone, and the ranking of the efficiency would
also presumably change. Additional experi-
ments are needed to clarify this process.

Gas exchange measurements were distributed
throughout the day (time randomisation) to
avoid systematic influences of diurnal variation
(MICHAEL, 1990). The gas exchange values
showed a wide range, therefore, low significance
levels among the clones and ploidy levels were
obtained. LAWLOR (1995) and BUNN et al. (2004)
suggested that the photosynthetic fixation per
unit leaf is often poorly correlated with
enhanced yields in breeding programmes
because it is difficult to identify the rate-limit-
ing steps within photosynthetic metabolism.
Although there is some evidence that leaf-level
photosynthetic characteristics may be of value,
the development of the leaf area is a better inte-
grated indicator of yield, as shown in previous
studies in poplar (BUNN et al., 2004; QI et al.,
2010) and in other herbaceous species (XU et al.
2014; WANG et al. 2014). The strong correlations
between the physiological measurements per-
formed in this study (A and WUEintr at 500
PhAR) with LA as well as with the SLA confirm
the hypothesis that biometric traits, as main
parameters, would be suitable indicators for
breeding selection due to the significant varia-
tion among ploidy levels within each clone.
These parameters, combined with WUEintr
measurements, into which photosynthetic
measurements are integrated, might predict the
performance of poplar regarding field growth
and biomass production. A review by POORTER et

al. (2009) analysed the variations in leaf mass
per area (LMA) under experimental and field
conditions relative to several environmental
factors. They identified LMA as an important
component of plant strategies, and in many
cases, this parameter was a good predictor of
plant performance. 

In this work, L447 displayed a lower and sta-
ble IS and Amax during the growing period. The
maximum photosynthesis was frequently
observed at intermediate PhAR levels, and it
decreased at higher radiation intensity in asso-
ciation with a strong decline in gs (stomata clo-
sure). This is indicative of the low adaptability
of L447 plants to high light intensity. These
findings support the idea that L447 behaves
like a shade species, as plants that occupy
shaded habitats are incapable of high photosyn-
thetic rates but perform efficiently under low
light intensities (BOARDMAN, 1977). This allows
this clone to be more efficient at seasons with a
natural lower light intensity (early spring, early
autumn). However, the classification of plants
into sun and shade species cannot be performed
based on light saturation curves or light com-
pensation points alone, but rather depends on
their adaptability to a selected light intensity;
consequently, light response curves were gener-
ated after 2 to 10 hours of light adaptation. The
current efficiency of the plant clones can there-
fore be compared in leaves under standardised
conditions at a fixed time. However, the mor-
phology and physiology of whole plants also
consistently reflects the results of long-term
customisations in plant development. This is
consistent with the poor correlation between
photosynthesis and yields. The range of calcu-
lated I0 values for the clones that were tested
here oscillated between 21 and 33 µmol m–2 s–1

during the experimental period, demonstrating
the efficiency of poplars under controlled low
light intensities. However, this is not absolutely
transferable to poplar plants under low light
intensities when they are adapted to field condi-
tions. Late summer and early autumn are often
important for wood production (NELSON, 1984),
as reflected in the results of net photosynthesis
and WUEintr for all clones in September. Strong
seasonal variations in the measured physiologi-
cal parameters were detected, varying from
50% to 20%. This seasonality can be divided
into 2 phases according to XU et al. (2003): 1) a
spring maximum and 2) an early summer rapid
decline. In this study, another phase was
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observed: a slight late summer increase close to
senescence (ISEBRANDS et al., 1983). These vari-
ations can be primarily explained by the varia-
tions in temperature, phenology (LA) (ZHANG et
al., 2006), radiation and the vapour pressure
deficit in the greenhouse in which the plants
were located for most of the experimental
period, except when the measurements were
collected. The seasonality of the photosynthetic
parameters should be considered to maximise
light use during the entire growing period and
to obtain high biomass. The crown architecture,
leaf area distribution and leaf orientation play
important roles in plant productivity and its
conversion into biomass (ZHANG et al., 2006;
 ISEBRANDS et al., 1988). Moreover, differences
between sun and shade leaves are important in
the overall photosynthetic performance of the
tree (ISEBRANDS et al., 1983). The total leaf area
is generally closely correlated with the accumu-
lated biomass in poplar hybrids, and this corre-
lation is thought to be genetically controlled. In
this study, the two polyploid isogenic lines of
the aspen hybrid Esch 5 confirmed this rela-
tionship with LA and SLA. The highest leaf
mass occurred in L447, despite its low photo-
synthetic rates, which could be the reason for
the higher wood production observed in this
clone (LARSON et al., 1971). The results regard-
ing biomass that are reported here showed an
influence of ploidy level, but the effect of a dif-
ferent gene dosage remains unclear (HANSEN et
al., 2007; RAMSEY, 2011). Leaf mass tended to be
higher in all of the tetraploid lines, intermedi-
ate in the mixoploid lines and lower in the
diploid lines. These results agree with the find-
ings of SUN et al. (2011), QI et al. (2010),
DHAWAN et al. (1996), WARNER et al. (1993), and
MENG et al. (2014) in woody plants and with
those of KAENSAKSIRI et al. (2011), XU et al.
(2014), DEHGAN et al. (2012), and CARUSO et al.
(2011) in herbaceous species.

The ploidy level also influenced growth per-
formance (WANG et al., 2014, PÄRNIK et al.,
2014) with all of the mixoploid lines showing
the highest growth rate within each clone at the
end of the experimental period. The tetraploid
growth rate was lower and differed significantly
in all of the clones, demonstrating that poly-
ploid plants do not always exhibit the best pho-
tosynthetic or biometric parameters. This
conclusion was also verified by KAMINSKI et al.
(1990), who revealed that Amax in polyploid
wheat was highest in diploids, then decreased

gradually at higher ploidy levels, while VAN

LAERE et al. (2010) demonstrated that biomass
production was lower in tetraploid individuals
compared with their diploid progenitors in
Spathiphyllum wallisii. HULL-SANDERS et al.
(2009) found no evidence that polyploidy confers
adaptive advantages in a particular environ-
ment. Furthermore, the results of VYAS et al.
(2007) indicated that even when the photosyn-
thetic rates of polyploid plants are higher than
those of diploid plants, the ploidy level may not
have been an immediate outcome of chromo-
some doubling. The adaptive significance of
polyploidy remains untested because ecological
studies cannot distinguish the effects of poly-
ploidy per se from the genic evolution that
occurs in all lineages, irrespective of ploidy.
Consequently, studies on naturally occurring
polyploids tend to overestimate the phenotypic
and ecological consequences of genome duplica-
tion (RAMSEY, 2011; HANSEN et al., 2007). Keep-
ing in mind that individual ecophysiological
features do not appear to be the best indicators
of field performance in all clones, a combination
of several parameters may be used to predict
field growth (CEULEMANS and IMPENS, 1980). In
this study, photosynthetic and biometric
processes that differed between clones and
ploidy levels were analysed under controlled
conditions in a greenhouse and climate cham-
bers and were found to show considerable phe-
notypic plasticity; thus, it was very difficult to
conclusively evaluate these traits. Nevertheless,
results of PÄRNIK et al. (2014) showed that dif-
ferences on A and growth became more pro-
nounced with tree aging indicating that
ontogeny plays an important role in expression
of more productive genotypes. 

The wood mass, volume and density also dif-
fered significantly with the ploidy level. The
wood density and growth performance exhibited
similar results: the mixoploid lines showed
higher values for these parameters, close to
those of the diploids, followed by the tetraploid
clones. L447 outperformed the other two clones
in these parameters. Density is one of the most
important criteria for the categorisation of wood
and fibre. A greater cell density generally leads
to a higher wood density and is associated with
the avoidance of wall collapse, enabling drought
tolerance or resistance to cavitation (BRÉDA et
al., 2006). Further research should test the vul-
nerability of mixoploid poplar clones to
embolism because variants with a higher wood
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density should be more stable under water
stress conditions. The availability of large num-
bers of poplar clone lines different in ploidy is
still restricted. However, these results show
that a continuation in this research testing
poplar genotypes in the field would be interest-
ing and justified. Therefore, a further detailed
investigation of the performance is required to
obtain a better understanding of their growth
and productivity in terms of biomass produc-
tion.
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Estimation of genetic parameters for height using spatial analysis
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Abstract

Non-spatial and spatial analyses were carried
out to study the effects on genetic parameters in
ten-year height growth data across two series of
10 large second-generation full-sib progeny tri-

als of western hemlock [Tsuga heterophylla
(Raf.) Sarg.] in British Columbia. To account for
different and complex patterns of environmen-
tal heterogeneity, spatial single trial analyses
were conducted using an individual-tree mixed
model with a two-dimensional smoothing sur-
face with tensor product of B-spline bases. The
spatial single trial analysis, in all cases, showed
sizeable lower Deviance Information Criterion
values relative to the non-spatial analysis. Also,
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