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Biomass production of Populus nigra L.
clones grown in short rotation coppice
systems in three different environments
over four rotations

Vojtéch Benetka, KateFina Novotna, Petra Stochlova

Three clones of black poplar and a hybrid poplar clone, “NE-42”, were trialled
in a short rotation coppice system. The trial was replicated in three sites loca-
ted in the Czech Republic with distinctly different soils and climates which
were judged to be respectively favorable, unfavorable and marginal for gro-
wing black poplar. In the marginal and unfavorable sites the planting density
was 2222 trees ha' and in optimal conditions 7407 trees ha™'. The aim of the
trial was: (1) to test the performance of black poplar clones as a possible re-
placement for commercial hybrid poplars in areas where the genetic integrity
of wild black poplar populations is under threat; (2) to test the range of condi-
tions in which it is possible to grow black poplar and its suitability for utilizing
marginal agricultural land; and (3) to measure the potential yield of black pop-
lar clones grown in these conditions. During four harvests at three-year inter-
vals, the following parameters were measured: plant mortality, number of
shoots, thickness of shoots, the total cross-sectional area (TCA) of all shoots,
the dry matter weight of individual plants (DMIP) and the dry matter yields per
hectare. The differences observed between “NE-42” and the best black poplar
clone decreased as conditions became more favorable. During the fourth har-
vest at the unfavorable site for growing poplars, the yield of dry biomass was
11.7 t ha™ yr for “NE-42” compared to 3.7 t ha™ yr™ for the best black poplar
clone. In marginal conditions the yields were 11.8 and 9.9 t ha™ yr respec-
tively, and in the favorable conditions there was no statistically significant dif-
ference, being 15.9 and 13.2 t ha™ yr, respectively. The higher yield of “NE-
42” was due to the higher proportion of thicker shoots or, alternatively, lower
plant mortality. The observed TCA was highly correlated with DMIP (r; = 0.87)
and dry biomass yield (r; = 0.48). It was demonstrated that black poplar can be
successfully grown in marginal conditions on land which otherwise would not
be especially suitable for agricultural production, and also in areas where the
genetic purity of native populations of black poplar is threatened by the spread
of commercially grown hybrid poplars.

Keywords: Growing Conditions, Fast-growing Trees, NE-42, Number of Shoots,
Stool Mortality, Yield

Introduction

The cultivation of fast-growing trees in
short rotation coppice (SRC) systems has in-
creased in recent years mainly because it
provides a source of renewable energy. To-
day such kind of farming covers thousands
of hectares in Europe (Venendaal et al.
1997, Langeveld et al. 2012), with the most
commonly grown species being willows
(Salix) and poplars (Populus - Herve &
Ceulemans 1996, Verwijst 2001, Langeveld
et al. 2012). This trend has also been accom-
panied by extensive plant breeding (Stanton
et al. 2010, Karp et al. 2011), but the selec-
tion of new cultivars has been based almost
entirely on inter-specific crosses. In Europe
new poplar hybrids are derived mainly from
crosses between P. nigra and P. deltoides
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Bart. ex Marsh. (Bisoffi & Gullberg 1996) or
P. nigra and P. maximowiczii Henry (Stan-
ton et al. 2010). Such hybrids are capable of
successfully pollinating and breeding with
wild populations of P. nigra, and conse-
quently are a threat to the genetic purity of
this indigenous species (Cagelli & Lefévre
1995, Benetka et al. 2002, Smulders et al.
2008). The spread of these hybrids and the
contamination of P. nmigra gene pools has
lead in certain places to restrictions being
placed on their cultivation. This raises the
question if it is possible or not to develop
commercially acceptable clones of pure-bred
black poplars to grow in place of the un-
desirable interspecific hybrids. According to
several published results, many clones de-
rived from genetically pure species of the
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genus Populus show yields comparable with
the inter-specific hybrid clones. In trials with
the species P. trichocarpa Torr. & Gray, the
pure species had similar yields to the hybrids
(Rogers & Stettler 1989). In other trials
using P. nigra and P. trichocarpa, their bio-
mass yields over four successive harvests
were remarkably higher than in hybrid
clones such as P. trichocarpa x P. deltoides
and P. deltoides % P. trichocarpa (Dillen et
al. 2011).

Species of the genus Populus and their hy-
brids can be regarded as having two main
different strategies for biomass formation as
for the number of shoots per plant. The first
group includes P. trichocarpa and P. tricho-
carpa % P. deltoides, which eliminate small
shoots rapidly to leave just a few large do-
minant shoots. The second group, compri-
sing genotypes like P. nigra and P. tricho-
carpa* P. balsamifera L., eliminate small
shoots slowly, so maintaining many small
shoots per stool (Laureysens et al. 2005, Al
Afas et al. 2008). Furthermore, differences in
the proportion of lateral shoots contributing
to yield in P. nigra and hybrid clones have
been observed as early as in the second and
third harvests, when the proportion of lateral
shoots can be significant (Laureysens et al.
2005, Benetka et al. 2007). In situations
where there is a lower overall number of
shoots it can be expected that these will be
thicker. Moreover, after each harvest there is
an increase in the number of shoots per plant
(Strong 1989, Al Afas et al. 2008, Dillen et
al. 2011) and therefore the resource demands
on the site will also increase, boosting the
intra-specific plant competition. However,
this is off-set by the reduction of plant
shoots or even plant numbers due to patho-
gens, shading or increased competition for
resources (the self-thinning effect), which
then opens up the area to be better utilized
by the remaining plants (Dillen et al. 2011).
The number of plants per unit area after the
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first and second rotations can be signifi-
cantly reduced by plant mortality (Ceule-
mans & Deraedt 1999, Laureysens et al.
2005). Large differences in mortality among
the studied genotypes have been observed in
experiments conducted over several rotations
(Al Afas et al. 2008, Dillen et al. 2011).

SRC systems are a long-term culture which
may last for up to 25 years (Dillen et al.
2011). The expression of the various yield
traits, which together contribute to the final
yield of biomass, is dependent on the inter-
action of any given genotype and its envi-
ronment. It is therefore important to evaluate
the performance of genotypes in the different
conditions in which they will be grown. The
main environmental factors to consider are
levels of available light, water and soil ferti-
lity.

P. nigra is the principal pioneer tree spe-
cies that colonizes river floodplains, waste-
lands and other exposed sites, where the
moist, sandy soil exposed after seasonal
flooding provides an ideal seedbed (Dick-
mann & Kuzovkina 2008). Based on an ana-
lysis of ecological requirements of P. nigra,
optimal conditions for its growth in the
Czech Republic would be provided by sites
with an average annual temperature of 7.5 to
9.0 °C, a temperature in the growing season
(April to September) above 14 °C, with hy-
dromorphic or semi-hydromorphic soils and
a water table at a depth of 0.5 to 1.2 m, or at
a depth of only 1.0 m where dense vegeta-
tion prevents the full penetration of rain wa-
ter. Heavy clay soils are unsuitable. Colder
locations are less favorable, and those with

Tab. 1 - Description of the study localities.

an annual average temperature below 6 °C
and temperatures during the growing season
below 12 °C are unsuitable (Mottl & Dusek
1991). However in Italy, for example, opti-
mal conditions for hybrid poplar cultivation
are a mean annual temperature of 8.5 to 17
°C and a summer precipitation of 100-150
mm (Di Matteo et al. 2012).

Fast-growing trees in SRC systems are pre-
dominantly grown in areas of intensive agri-
culture. This lead to a competition between
the production of food and other agricultural
commodities on the one hand, and the pro-
duction of biomass from fast-growing trees
on the other. Trees can also be grown in con-
ditions which are marginal for conventional
agricultural activities, but perhaps the real
question here is whether they can still
achieve satisfactory yields in such condi-
tions.

The aim of this study was to appraise the
individual yield parameters contributing to
the total yield of biomass, and compare the
biomass yields of several clones of black
poplar with that of the hybrid clone “NE-
42”, when grown in three distinctly different
environments for a total of four rotations.
Further, to determine the environments in
which black poplar can be successfully es-
tablished and grown.

Materials and methods

Locality, soil and climatic conditions
The experiment was established in three

sites in the Czech Republic, each with diffe-

rent soil and climatic conditions (Tab. 1).

Characteristics Year BY SM RO
Latitude (N) 49°21° 49° 36’ 50° 03’
Longitude (E) 12° 48’ 14° 36’ 15° 42
Altitude (m a.s.l.) 551 515 219
Climatic region moderately cold moderately warm warm and
and moist and moist moderately dry
Mean temperature > 10°C 120-140 140-160 160-170
(num. of days)
Mean ann. temperature [°C] 5.7 6.8 8.5
Soil type Histosol Cambisol Alluvial soils
pH/CaCl, 4.95 6.75 6.68
Plot status before the experiment lay fallow farmed up lay fallow
Influenced by neighboring river yes no yes
Sum of rainfall 1999 - 352 -
(Apr-Sep [mm]) 2000 - 393 -
2001 - 501 -
2002 - 548 -
2003 - 265 -
2004 - 369 -
2005 - 415 -
2006 - 635 -
2007 - 355 -
2008 - 284 -
2009 - 401 -
2010 - 506 -
2011 - 346 -
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The first site (Smilkov - SM) represents na-
tural conditions which can be regarded as
marginal but typical for the main areas
where SRC systems are used. The second
site (Bystrice - BY) is located in unfavorable
soil and climate conditions. After a four year
delay, the third trial (Rosice - RO) was es-
tablished in optimal soil and climate condi-
tions typical for a flood plain ecosystem and
therefore most favorable. Compared to the
other two localities, trees were established
here using more dense plantings.

Materials

Four clones of P. nigra (designated 107,
210, 301 and 302), of the total of 29 inclu-
ded in a wider trial, can be found growing in
all three trial localities. These clones are the
offspring of individuals found in local sub-
populations (Benetka et al. 2007). The first
three clones of P. nigra (107, 210, 301) have
already been shown to be healthy and pos-
sessing good yield potential, and have been
recommended for cultivation in the Czech
Republic (Benetka et al. 2011b). Clone 302,
on the other hand, is regarded as being one
of the least productive. Clone “NE-42”, an
interspecific hybrid of P. maximowiczii x P.
trichocarpa, was used as a control.

Organization and treatments

Densities of 2222 plants ha”, with a spa-
cing of 3 x 1.5 m, were employed in the less
favorable (SM) and the unfavorable (BY)
localities; in the RO site (favorable condi-
tions) the planting density was increased to
7407 plants ha', with a tighter spacing of 2
x 0.67 m. Plant densities were chosen with
regard to the soil and climatic characteristics
of these three localities (Tab. 1). Rainfall
during the growing season (months IV-IX)
was only measured at the SM site. In the lo-
calities BY and RO a crucial role was played
by groundwater.

The experiment was established in 1998 at
the SM and BY sites, while the RO site was
planted in 2002. A randomized block design
with four replications was used, with four
plants of each clone per replication in the
BY locality and with five plants per replica-
tion in the SM site. In the RO locality the
experiment had five replications with six
plants per replication. Bordering rows were
planted around each experimental plot. The
plots were also fenced to prevent browsing
by wild animals.

The planting material was obtained by cul-
tivating 0.2 m-long hardwood cuttings, 5 to
6 mm in thickness; the resulting one-year old
saplings were planted out manually, with
those planted at the SM site being watered
in. Using one-year old saplings, the planting
densities at the beginning of the experiment
were the same for each investigated clone at
any given site. All plants were clipped to a
height of 0.4 m after planting out. The SM
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site was also always fertilized after harvest,
with an NPK (1:1:1) growth fertilizer at a
rate of 150 kg ha', and a herbicide applied
in the spring following each harvest. Twice
each summer the weeds were cut and the soil
disced between the rows. At the BY and RO
sites discing was omitted.

The first harvest at the BY and SM sites
was carried out in February 2001, the second
harvest was in March 2005, the third in
March 2008 and the fourth in March 2011.
At the RO site the first harvest was carried
out in February 2005, the second in February
2007, the third in March 2010 and the fourth
in January 2013. Plants were pruned by hand
to a height of 0.1 m above the ground for the
first harvest, but in subsequent harvests they
were pruned to 0.2 m above the ground.

Measurement

At the end of each growing season before
harvesting, growth was measured by taking
the diameter of each main stem at a height of
0.5 m from the ground. Before the second,
third and fourth harvests, all shoots thicker
than 0.01 m were counted and their diame-
ters measured using a digital caliper. Shoots
were classified on the basis of their diameter
as being “weak” (10-43 mm) or “strong”
(44-95 mm). The shoot with the highest dia-
meter was considered as a main stem. Before
the fourth harvest the combined total cross-
sectional area of all measured shoots (TCA)
was calculated and expressed as the sum
total area in mm? per plant. The TCA per 100
m?, which also indirectly took account of
plant mortality, was expressed in m?.

During harvest the fresh weight biomass
produced jointly from all the plants of a gi-
ven clone in each replicate was weighed. To
measure dry weights at the same time, a re-
presentative sample of the harvested mate-
rial, including the main and lateral shoots,
was taken from each replicate and weighed
separately. The size of these samples ranged
from 400 to 1200 g, depending on the thick-
ness of the shoots. The samples were dried at
105 °C until their weights stabilized. Total
dry matter yields per unit area were calcu-
lated from the weight of harvested fresh bio-
mass obtained from a given replicate multi-
plied by the appropriate value for the per
cent dry matter and calculated for a given
unit area (ha) per year. Yield is a function of
the number of plants actually harvested and
takes the plant mortality into account. The
average dry matter weights of individual
plant (DMIP) were expressed in kg yr™.

Statistical analysis

The analysis of variance (ANOVA, MAN-
OVA) or its non-parametric homologous
tests was carried out using the Statistica 8.0
statistical software package (StatSoft Inc.,
Tulsa, OK, USA). Clones, replicates, locali-
ties and rotations were used as independent
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Tab. 2 - Percentage of surviving plants in each site before harvests.

Locality BY SM RO
Harvest I o m v I o m v I o o v
Rotation length 3 4 3 3 3 4 3 3 3 2 3 3
[yrs]
Clone % % %
107 100 58 50 50 95 95 95 95 93 80 80 60
210 100 100 88 81 100 100 100 100 97 93 60 23
301 83 83 75 67 95 95 95 95 97 93 77 10
302 56 44 13 6 92 8 8 8 8 60 50 29
NE-42 100 100 94 94 100 100 100 100 97 90 87 63

variables, and parameters such as total dry
matter yields per unit area, DMIP, number of
shoots per plant, TCA, and diameters of the
strongest shoots were used as dependent
variables. When a statistical difference was
found, a post-hoc comparison was carried
out using Duncan’s test or multiple compa-
risons of mean ranks. Significant differences
between individual rotations or localities
were established on the basis of #-tests.
Spearman’s coefficient of rank correlation
was calculated between TCA and the para-
meters DMIP and total biomass production.
All the results are presented using a signifi-
cance level of o= 0.05.

Results

Since some of the results based on the first
two harvests have already been published
elsewhere (Benetka et al. 2007), the results
presented here are mainly those derived from
the third and fourth harvests. Significantly
different performances of the clones in each
of the three different localities was con-
firmed during the fourth harvest for each of
the variables considered, with the exception
of the dry matter yields per unit area.

Stool mortality

The number of shoots and plants per unit
area fell during the course of the four rota-
tions, and significantly differed among sites
and clones (Tab. 2).

At the locality with marginally suitable
soils and climatic conditions (SM), and with
less dense vegetation, mortality of clones
was low (0-5%), and such losses were the
result of mechanical damage incurred during
the year of planting. Only for clone 302,
which has been shown to be unsuitable for
growing in SRC, losses were high, reaching
20%. There were no significant differences
between “NE-42” and the black poplar
clones.

In locality BY mortality of clone “NE-42”
was lower (6%), though not statistically si-
gnificant. Before the fourth harvest mortality
in the black poplar clones ranged from 19 to
50%, although in clone 302 it was 94%. The
high losses were the result of unsuitable soils
and climate.

In the locality RO (with dense vegetation),
losses were observed for all clones, and by
the time of the fourth harvest, mortality in
the black poplar clones ranged from 40 to
90%. In “NE-42” the mortality was 36%. An
increase in mortality was always observed
after harvest, and was particularly significant
after the third harvest (Tab. 3). At this time,
the surviving plants completely shaded the
ground. The dead tree stumps were also in-
fected by Cylindrocarpon, Fusarium and
Verticillium fungi (Peskova & Soukup, per-
sonal communication), which in certain cir-
cumstances can act as facultative parasites,
invading weakened plants.

Tab. 3 - A comparison of successive harvests in clones of black poplar and “NE-42” in each
locality (z-tests). (*): significant differences (p<0.05).

DMIP dry matter yield stool mortality
Site Clone & & IM& I1& & MmM& I1& nI& II&
I I v I I v 11 I v
BY 107 0.225 0.231 0.562 0.360 0.270 0.607 0.132 0.815 1.000
210  0.037* 0.036* 0.307 0.037* 0.075 0.142 1.000 1.000 1.000
301 0.005* 0.106 0.560 0.008* 0.065 0.247 1.000 0.725 0.725
NE-42 0.000* 0.870 0.400 0.000* 0.796 0.487 1.000 0.356 1.000
SM 107  0.000* 0.029* 0.492 0.000* 0.029* 0.863 1.000 1.000 1.000
210 0.000* 0.310 0.947 0.000* 0.310 0.947 1.000 1.000 1.000
301 0.002* 0.249 0.649 0.005* 0.348 0.732 1.000 1.000 1.000
NE-42 0.000* 0.112 0.431 0.000* 0.112 0.431 1.000 1.000 1.000
RO 107 0.007* 0.014* 0.203 0.119 0.010* 0.937 0.111 1.000 0.094
210 0.003* 0.056 0.077 0.002* 0.254 0.042* 0.667 0.024* 0.023*
301 0.293 0.288 0.401 0.204 0.773 0.054 0.545 0.161 0.001*
NE-42 0.007* 0.385 0.529 0.007* 0.418 0.825 0.242 0.545 0.011*
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Tab. 4 - Four yield traits and differences among clones before the fourth harvest. (N): number of observations.

BY SM RO
Parameter Clone
N mean = SE N mean £+ SE N mean £+ SE
Number of shoots 107 5 13.4+26° 18 284+1.6° 18 6.6+£0.8*°
210 13 125+2.1° 20 36.5+£2.0° 7 8.6+0.8°
301 8 224+23* 19 405+1.6° 3 6.7+38*
NE-42 15 102+12° 20 219+1.1°¢ 19 6.0+14°
Diameter of the main 107 5 492+£34" 18 57.8+1.6° 18 61.2+47°
shoot [mm] 210 13 39.0+£2.8° 20 441+16° 7 533+39°
301 8 37.0+£2.7° 19 47.1+£16° 3 52.7+£11.7%
NE-42 15 743+3.1° 20 65.0+19° 19 53.7+43°
Total cross-sectional 107 5 8214 £ 1659 * 18 15478 £ 4479 * 18 7042 £1074 °
area of all shoots per 210 13 5466 + 826 ° 18 14063 + 3872 ¢ 7 6717 +1237°*
plant [mm?] 301 8 7598 £1021 * 19 14371 £3381 * 3 5449 + 3280 ¢
NE-42 15 15677 £1973 ® 20 15974 £ 3942 ° 19 5878 £964*
Total cross-sectional 107 5 0.16+0.05° 18 0.33+0.02° 18 0.34+0.06°
area of all shoots per 210 13 0.10+£0.02° 18 0.31+0.02° 7 0.17+0.05°
100 m? [m?] 301 8 0.12+0.02° 19 0.30+0.02* 3 0.07+£0.04*
NE-42 15 0.33+0.04° 20 0.35+0.02* 19 0.29+0.05*
(a) 100 " : : : (b) ° Clone 302 was dropped from subsequent
xg a. assessments due to the unacceptably high
= ) A 60 A mortality observed in all sites.
@ 80 A A" T
£ % E Number of shoots
= p 8 50 - The number of shoots per plant was always
2 1 7 £ higher in the black poplar clones compared
% 60 a 2 to “NE-42” before harvest in each locality
3 40 | but only statistically significantly higher in
the SM locality, before the second, third and
fourth harvests. In locality BY, with less
40 30 1 suitable conditions, the average number of
1. Iil. V. V. shoots was significantly lower than in SM.

—
(@]
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w £ (%]
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Fig. 1 - Time course of stool survival rate (a), diameter of the strongest shoot (b), dry matter
weight of individual plants (c) and total dry matter yield per unit area (d) over the four rota-
tions of the coppiced the best P. nigra clone 107 (triangle) and “NE-42” (square) in SM
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(continuous line) and RO site (dotted line).
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Tab. 5 - Mortality of shoots during the forth rotation with respect to the dead plants.

Number of shoots per plant Shoot mortality

Clone after the III harvest before the IV harvest [%o]

BY SM RO BY SM RO BY SM RO
107 18.7 51.9 8.3 11.2 28.4 5.4 40.2 452 35.0
210 16.3 448 9.3 12.5 36.5 43 23.7 18.5 53.8
301 27.4 59.3 7.8 22.4 40.5 1.1 18.3 31.7 85.7
NE-42 16.1 28.5 6.6 10.2 21.9 4.6 36.8 23.3 30.9
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In the locality RO the number of shoots be-
fore the second harvest was low and in-
creased very slowly in following harvests
(Tab. 4).

The number of shoots developed after the
third harvest in locality SM was roughly
double compared to the BY site (Tab. 5). In
the interval between the third and fourth har-
vests the number of shoots in SM and BY
was reduced by a third, and in RO by half,
although in locality BY the temperature and
soil conditions were less favorable than RO
with similar soil-water availability. As a re-
sult of the higher planting density the light
conditions were worse in locality RO, which
probably had an influence on the production
of a lower number of shoots and their higher
mortality.

The results show that the plants are able to
utilize a larger area for the formation of a
higher number of shoots, especially in P.
nigra.

Shoot diameter

Leading shoot diameter before the first har-
vest correlated with the quality of natural
conditions in P. nigra (Fig. 1b). During the
fourth harvest in locality BY with sufficient
ground water but unfavorable soil and tem-
perature conditions, the leading shoot dia-
meter was significantly greater in “NE-42”
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compared to the black poplar clones. Also,
in the site SM with less available ground wa-
ter and average rainfall but with higher
levels of nutrients (see Tab. 1), the diffe-
rences between “NE-42” and the black pop-
lar clones were significant. In locality RO
with accessible ground water, higher tempe-
ratures and fertile soils, the leading shoot
diameter in “NE-42” was the same as the
black poplar clones (Tab. 4).

The average shoot diameter was 30.4 mm
in RO, where the number of shoots was
lower, 25.9 mm in BY and 21.4 mm in SM,
where the number of shoots was higher.

The proportion of stronger shoots in any
given locality was always lower in black
poplar (based on average values for the three
clones) compared to “NE-42” (Tab. 6), al-
though in the most favorable soils and tem-
peratures the differences were reduced. This
shoot diameter difference is also related to
the yield parameters.

Total cross-sectional area of shoots
(TCA)

The TCA of all shoots was measured be-
fore the fourth harvest (Tab. 4). In locality
BY there was a significantly higher average
TCA in “NE-42” (15.677 mm?) than in the
black poplar clone 210 (5.466 mm?), while
in SM the average TCA values in all clones
were similar, ranging from 14.063 to 15.974
mm? In RO the best black poplar clone, 107,
had an average TCA value of 7.042 mm? and
“NE-42” had an average TCA of 5.878 mm?.
Just as with the leading shoot diameter, in
unfavorable conditions of soil and tempera-
ture in the presence of adequate water, “NE-
42” performed better than black poplar re-
garding TCA. Using Spearman’s coefficient
of rank correlation the very strong positive
correlation of TCA and DMIP (r;= 0.871, p
< 0.001) and moderate positive correlation
of TCA and dry matter yield (r;= 0.475, p =
0.001) was confirmed.

Dry matter weight per individual plant
(DMIP)

In the locality RO, the DMIP increased al-
most linearly among harvests (Fig. 1c) and
the increment between first and second har-
vest was significant in almost all clones
(Tab. 3). No difference in DMIP was found
among all clones in any harvest (Tab. 7).
When comparing localities SM and BY after
the first harvest, non-significantly higher
average values for DMIP were found in all
clones at the locality SM with exception of
“NE-42”. During the second and subsequent
harvests, significantly higher average values
were found in the locality SM compared to
BY in all black poplar clones. By the fourth
harvest, the DMIP of black polar clones in
SM was twofold higher than in BY. How-
ever, the DMIP of the best black poplar
clone in each locality was only significantly
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Tab. 6 - Percentage of weak (diameter 10-43 mm) and strong shoots (44-95 mm) per clone

in each locality. (&): diameter [mm)].

Percentage of shoots

Locality  Clone
& 10-43 mm <& 44-95 mm
BY clones of black poplar 95.3 4.7
NE-42 61.5 38.5
SM clones of black poplar 89.6 10.4
NE-42 82.4 17.6
RO clones of black poplar 80.8 19.2
NE-42 76.3 23.7

lower than “NE-42” for the second and
fourth harvests at the BY site.

Biomass production

“NE-42” gave the highest biomass yields in
each of the four harvests in each of the three
sites (Tab. 8). During the fourth harvest the
difference in biomass produced by “NE-42”
and the best black poplar clone was signifi-

cant in sites BY and SM. However, in loca-
lity RO the yield from clone 107 during the
fourth harvest was not significantly different,
being 13.2 t ha' yr' compared to 15.9 t ha’
yr'. In the locality BY the black poplar
yields were low and showed no significant
differences in growth from the the second to
the fourth harvest (Tab. 3). In the SM site
yields from the second harvest onwards were

Tab. 7 - Dry matter weight of individual plants [kg yr'] for each harvest.

BY SM RO
Rotation clone
N mean £+ SE N mean+SE N mean+ SE
I rotation 107 2 0.14+£0.00* 4 0.54+0.10° 5 094+0.12*
210 4 034+0.08° 4 0.57+0.07° 5 1.05+£0.10*°
301 3 0.19+0.02* 4 043+0.04° 1 0.69*°
NE-42 4 0.63+022°? 4 0.48+0.09° 5 1.16+£0.09*
II rotation 107 2 099+049° 4 3.01+034°* 5 1.45+0.08%
210 4 1.00+0.23" 4 329+0.15*° 5 1.61+£0.09°
301 3 1.54+0.24° 4 357+0.62° 5 144+£025*
NE-42 4 441+040° 4 4244+£045° 5 234+£031°*
III rotation 107 1 322° 4 4374033 5 233+£027%
210 4 1.81+0.19° 4 3.59+0.23° 4 198+0.15°
301 3 2.61+045° 4 450+038%® 5 190+031°
NE-42 4 423+099° 4 515+0.17* 5 264+£0.63*
IV rotation 107 2 224+069° 4 472+033® 5 290+0.31°*
210 4 145+0.26°" 4 3.62+032° 3 259+£025%
301 3 230+0.19° 4 431+0.10"% 3 256+093*
NE-42 4 552+1.02° 4 530+0.05* 5 3.29+0.70*

Tab. 8 - Total dry matter yields per unit area [t ha™ yr'] in black poplar clones and in the hy-
brid clone “NE-42”; expressed with respect to the percentage of surviving plants.

BY SM RO
Rotation Clone
N mean =+ SE N mean+SE N mean+SE
I rotation 107 2 03+£00° 4 1.1x0.1°* 5 65+£08%®
210 4 08+02° 4 13+02° 5 75+0.7®
301 3 03+0.1° 4 09=x0.1°? 1 43°
NE-42 4 14+£05° 4 1.0+02° 5 83+£0.7°*
Il rotation 107 2 1.9+1.4° 4 67+08? 5 87+1.0*
210 4 2240.5° 4 73+03°? 5109+04°
301 3 27+05° 4 76+16° 5 98+1.5¢
NE-42 4 98+09° 4 94+£1.0°* 5154+1.8*
III rotation 107 1 72° 4 97+07% 5134+1.0°
210 4 38+£05° 4 80+0.5° 4 96+1.1°
301 3 41+02° 4 95+1.0%® 5105+1.7¢
NE-42 4 91+£24° 4 114+04* 5189+£3.7¢*
IV rotation 107 2 374+28° 4 99+0.5° 513.2+£3.0%
210 4 25+05° 4 80+0.7° 4 54+12%®
301 3 33+0.5° 4 91+0.6"%™ 2 32+1.2°
NE-42 4 11.7+£26* 4 11.8+0.1° 5159+4.1°*
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significantly greater and gradually increased
over time, even though the differences were
not statistically significant. Only in clone
107 was the yield significantly increased
from the second to the third harvest in SM
and RO (Tab. 3). In this clone, as in “NE-
42”, the strong shoots made up a significant
proportion of the TCA. In “NE-42” after the
second harvest biomass did not significantly
increase. During the first two harvests in RO
the yields of all clones were much higher
than in the other two locations, which can be
explained by the higher initial planting den-
sities and, during the first harvest, also the
higher individual plant weights. In subse-
quent harvests the yields increased less ra-
pidly and during the fourth harvest in all
clones yields actually fell (Fig. 1d), due to
high mortality.

Discussion

The interaction of environmental condi-
tions on yield traits and biomass produced
by black poplar compared to the hybrid
clone “NE-42” was evaluated at three loca-
lities. Differing natural conditions in these
sites allowed the study of a wide range of re-
actions of the individual genotypes. Two lo-
calities represented marginal areas in the dis-
tribution of black poplar, where the planting
of allochthonous species is usually not al-
lowed (e.g., national parks). In these situa-
tions it is anticipated that only pure clones of
black poplar will be grown in SRC systems.
The third locality represents flood plain
areas which are suitable for growing black
poplar because it is tolerant of long-term
flooding (Mottl 1989).

The hybrid “NE-42” showed higher yield
than the most productive black poplar clone
in all three environments. It must be said,
however, that this hybrid clone is the result
of a selection process involving several thou-
sand seedlings derived from planned cross-
ings (Stout & Schreiner 1933), while the
black poplar clones were chosen from a
group of 200 individuals collected from wild
populations (Benetka et al. 2007). However,
several new clones of black poplar now exist
which are the result of deliberate crossings,
and in early trials have given higher yields
than “NE-42” (Benetka et al. 2012), so black
poplar clones with satisfactory yield poten-
tial are expected to be available soon.

In the locality with a low average tempera-
ture and low pH, and nutrient-poor peaty
soils (BY), the black poplar clones had low
yields, while “NE-42” achieved yields com-
parable to those in locality SM with its me-
dium quality soils and higher average annual
temperatures. In these more favorable condi-
tions the yields of the best black poplar
clones approached those of “NE-42”. In the
most favorable conditions (locality RO),
there was no significant difference between
the yields of the best black poplar clones and
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the hybrid. This means that black poplar did
not perform well only in the very unfavo-
rable conditions regarding soils and tempera-
tures, while “NE-42” demonstrated greater
adaptability and performed well even under
unfavorable conditions. It would appear that
here the character of one of the parent spe-
cies (Populus trichocarpa) is being expres-
sed (Smith 1957).

Total yields per unit area are determined by
the number of plants per unit area and the
weight of individual plants. The initial num-
bers of plants falls over time due to morta-
lity, although observed mortality was lower
than in stands with higher initial plant den-
sities (Laureysens et al. 2005). The effect of
varying initial plant densities on subsequent
mortality was observed in our experiment
also.

The weight of individual plants is positi-
vely correlated with various component pa-
rameters such as height, thickness and the
number of shoots (Pontailler et al. 1997, Rae
et al. 2004, Benetka et al. 2007). As has
been shown, height is correlated with thick-
ness of the main stem (Nelson et al. 1981),
and so only one of these parameters needs to
be measured in order to estimate yields. Dif-
ferences in the thickness of stems between
“NE-42” and the black poplar clones was
less pronounced in the more favorable gro-
wing conditions. The number of shoots in-
creased during the four harvests in this
study, although the number of shoots rege-
nerating from the cut stumps also depends
on the amount of light, which is in turn af-
fected by plant density (Atwood et al. 2008).
Competition between shoots for light during
canopy closure is believed to affect stool
survival (Dillen et al. 2011). The poplar ge-
notypes differ with regard to their light-use
efficiency and so also in the extent to which
their photosynthesis is optimized in dense
canopies (Green et al. 2001).

Even though the weight of individual
plants was great in locality SM, the amount
of biomass yield per hectare was not corres-
ponding with it. The maximum yield of bio-
mass was probably limited here by the over-
all low density of plants, as reported by En-
quist et al. (2009) and Weiner & Freckleton
(2010).

In comparing the yield potential of the hy-
brid “NE-42” and the best black poplar clo-
nes used in these trials, it can be supposed
that black poplar can be successfully grown
even in marginal areas for the natural occur-
rence of black poplar, that is, in areas with
low average temperatures and less fertile
soils, but not however in areas with low tem-
peratures and peaty soils (Mottl & Dusek
1991), where the hybrid clone “NE-42” is
more successful.

The TCA measured just before the fourth
harvest was highly correlated with DMIP
and also correlated with the yield of biomass
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on individual plots. As early as the second
harvest a correlation was confirmed between
the number of shoots and also the thickness
of the main shoot and biomass yields (Be-
netka et al. 2007). The correlation between
the height of plants, thickness of shoots and
other parameters and biomass yields is well-
known from many studies and has been used
for the non-destructive estimation of total
biomass (Zianis et al. 2005, Felix et al.
2008). These correlations could be used to
estimate DMIP and biomass yields during
the selection process in breeding programs,
when the first selection is made on the basis
of visual assessments. However, breeding
programs must also take into account resi-
stance to important diseases, principally the
leaf rust Melampsora larici-populina, which
can significantly lower final yields (Benetka
et al. 2011a) with its damaging effects on
plant growth (Nelson et al. 1981), affecting
the amount of light penetrating the canopy
and so the competition among plants.

It can be concluded that in the selection of
new black poplar clones it is important to
consider the genotypes which produce thick,
strong shoots rather than large numbers of
weaker shoots, even though black poplar
yields tend to be based on the production of
large numbers of weaker shoots (Laureysens
et al. 2005). The possibility of successfully
making such a selection in black poplar is
confirmed by the marked genetic diversity
evident in the number and strength of its
shoots (Benetka et al. 2012).

Conclusions

The three best black poplar clones planted
in three different sites had in all four har-
vests a lower yield than the hybrid clone
“NE-42” which was used as a standard for
comparison. These differences were less
marked in the locality with better natural
growing conditions and were not signifi-
cantly different at the site with the most fa-
vorable growing conditions. The higher yield
of the hybrid clone is evidently related to the
fact that it has been produced by selecting
from the progeny of an interspecific cross, in
which the aim was to take advantage of the
phenomenon of hybrid vigor. The black pop-
lar clones, however, were derived by taking
material from a wild population and were
not the product of any kind of selective
breeding program. These clones showed less
adaptability to unfavorable temperature and
soil conditions compared to “NE-42”, whose
greater adaptability can be attributed to the
characteristics of one of its parent species, P.
trichocarpa.

A clear correlation was shown between the
total cross-sectional area of shoots on the
one hand and the dry weight of individual
plants and the dry weight of harvested bio-
mass on the other. This relationship could
prove useful when making the first selection
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in any breeding program designed to pro-
duce higher performing clones of black pop-
lar.
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