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Abstract

The Northern European countries largely rely on poplars and their hybrids that are transferred northward from more
southern regions, therefore, facing a trade-off between the use of full growth potential and sufficient tolerance of low
temperatures. We characterized frost damage and its link to early growth and survival of 33 poplar genotypes at the
age of one, three, and four years in a clonal collection on agricultural land. The survival after the first season varied
from 42% to 99%. Half of the clones had autumn frost injuries with a maximum of 20% of trees damaged. The autumn
frost-damaged trees were significantly (p < 0.001) higher before the injury than the undamaged trees with site mean
105.3 £ 7.9 and 72.0 + 2.5 cm, respectively, but, at the clone mean level, the proportion of autumn frost-damaged
trees had no link to survival (rho = 0.53, p <0.001). The observed winter frost damage showed no relation (p < 0.05)
regarding the proportion of trees with autumn frost damage. Trees with winter frost damage tended to be shorter than
undamaged trees (p < 0.001) and had lower survival (rtho = 0.47, p < 0.01). The maximum height difference of the
clones among the studied years was in a magnitude from 2.4 to 2.9, and the stability of a clonal ranking increased
with the age. The results emphasize the need for further monitoring of the clone performance under the local climatic

conditions before recommendations of commercial use of particular clones in Latvia.
Key words: Clonal ranking, cold injury, maladaptation, Populus hybrids.

Introduction

Traditional forestry is facing challenges to satisfy
expanding global demand for the production of
raw materials from sustainable, renewable natural
resources. Roundwood and bioenergy production by
fast-growing species outside the natural forests pose
the potential to produce substantial yield on the limited
land area (Jirgensen, Kollert, & Lebedys, 2014;
Mola-Yudego et al., 2017). This allows to efficiently
preserve sequestrated CO: and substitute fossil fuels
thereby mitigating climate change (Sulaiman, Abdul-
Rahim, & Ofozor, 2020) and reducing the pressure
on natural forests (Pawson ef al., 2013) that might be
not very efficient in providing this ecosystem service
(Kenina et al., 2018, 2019a, 2019b).

Species and hybrids of the Populus genus are
shown to be among the most promising fast-growing
tree species in the boreal and hemiboreal region (Rytter
et al., 2013) with a mean annual increment of up to 20
m? ha'! year! in a rotation of 25 years (Rytter & Stener,
2014). Besides, the assessed species had demonstrated
notable resistance to main damaging agent in Northern
Europe - wind (Caksa et al., 2021; Samariks et al.,
2020, 2021). The plantation productivity primarily
depends on the performance of selected genotypes.
Although poplars represent a rather wide genetic basis
and are easy to vegetatively propagate, in comparison
to other species (Gailis et al., 2021), there is very
limited adapted planting stock available in Europe.
Large areas are established using exclusively a few
superior clones, such as OP42 in Denmark (Stener
& Westin, 2017) and Sweden (Karacic et al., 2020)
and 1-214 in southern Europe (FAO, 2016), posing
concerns related to climate change and pest or disease
resistance. Currently, there is a breeding program for

poplars and 16 clones already selected and tested for
commercial use in Sweden (Stener & Westin, 2017).
Other countries in the north of Europe fully rely on
material that is bred and imported from more southern
regions, mainly Italy and Germany (Niemczyk et
al., 2018). The northward transfer, however, might
result in a trade-off between the use of full growth
potential and sufficient frost tolerance. Too early or
late growth onset and cessation leads to suboptimally
used growing season (Jansons et al., 2014; Gailis
et al., 2019; Skreppa & Magnussen, 1993; Zeltins
et al., 2019), meanwhile increasing the risk of cold
injuries (Howe ef al., 2000; Junttila & Kaurin,
1990). Injuries might be affected both by genotype
(clone) and growth rate (Sénhofa et al., 2016;
Zeltins et al., 2016). Additionally, crossbreeding
alters genotypically controlled adaptive traits of a
parental species and hybrids from different regions
(Gudynaité-Franckeviciené, Plitira, & Suchockas,
2020), hence, imposing the importance of genotype
testing under local conditions before their application
at a commercial scale (Jansons et al., 2018; Lazdina
et al., 2016, Senhofa ef al., 2017; Pliura et al., 2014).
This study aimed to characterize susceptibility
to frost and its link to early growth and survival of
33 poplar genotypes with a different source of origin
for the first four years in a clonal collection on
agricultural land. We intended to assess their early
performance under low agricultural impact.

Materials and Methods

The study was carried out in a clonal collection
in Kalsnava (56°41" N, 25°58" E), Latvia, established
on abandoned agricultural land (heavy stony clay soil)
in the spring 2016. In total, 34 poplar clones from
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the Aigeiros and Tacamahaca sections of the genus
Populus were represented. Subsets of the clones have
Swedish, Italian, and German origin, and together
with the clone OP42 (synonym Hybride275 for the
same clone), they have been introduced recently,
during the last 10 to 15 years. The collection also
includes clones collected across Latvia. These are
progenies (cuttings) of the poplars that survived after
introduction, presumably, in the 1960s, but the origin
of these clones is unknown. Per each clone, 97 to 102
cuttings (about 25 cm length) were planted in narrow
spacing mono-clonal rows with 350 cm between the
rows and 50 cm between individual plants in a row
(that makes up 5,714 trees per ha) with no replications
within a small area. The site was prepared by inverted
soil scarification before the planting but thereafter
received minimal agricultural impact with exception
of weed control by rotary brush hog mower between
tree rows. The plantation was fenced.

In the spring 2017, tree survival and damage
(autumn frost injuries, browsing damage, dead or
undamaged) were assessed, and the height of all living
trees was measured (except for Clone OP42). All trees
had developed only a single stem.

In the spring 2018, winter frost damage was
assessed. Clones were visually evaluated on a five-
scale grade: 0 — dead, 1 — severe damage, 2 — mild
damage, tree recovers, 3 — minor damage, and 4 — no
visible winter frost damage.

In the spring 2019, the height of all live trees was
measured. In the spring 2020, the height was measured
for every second tree in a row.

The normality of data was assessed by the Shapiro—
Wilk test. The differences in height among the clones
and their origins were assessed by nonparametric
Kruskal-Wallis, followed by the Dunn test for
pairwise comparisons. Mann-Witney U test was used
for pairwise clone height comparison for damaged
and undamaged trees. Relations between tree and
clone parameters were assessed by Spearman’s rank
correlation. All tests were performed in R (version
4.0.2), at a = 0.05. Mean values + 95% confidence
interval are showed throughout the paper.

Results and Discussion

Tree survival after the first season was 82% (site
mean), and varied from 42% for clone AF18 to 99%
for clones Max1 and Max3 (Figure 1). The average
survival of the clonal collection was similar or higher
than was found in trials on agricultural land in Denmark
at the age of three and Southern Sweden at the age
of four years (52 to 89%) for a clonal set that partly
overlapped with our study (Stener & Westin, 2017).
However, several clones had more than one-third of
cuttings dead already after the first growing season.
The design of a clonal collection might pose risks of

low survival due to microclimatic differences as there
was only one replication per clone. However, the
studied site was a flat and homogeneous field and no
pattern in the spatial distribution of low high mortality
was present, suggesting that the microclimatic
differences are unlikely to be a cause of mortality.

A high proportion of trees was browsed (site mean
59%). The damage was present for all clones and
occurred in the winter when a fence was accidentally
left unlocked allowing access for wild ungulates.
Browsing is a widespread problem in Populus
plantations that might contribute to low vitality and
hence increase mortality. However, not all Populus
clones are browsed to the same extent: the proportion
of damaged trees varied from 16% to 91%, and
24 out of 33 clones had more than half of the trees
browsed. Several feeding experiments have confirmed
underlying differences in preference of clones due to
plant macronutrient and mineral content (Holeski
et al., 2016) and phytochemical defences (Lastra,
Kenkel, & Daayf, 2017).

Results at the beginning of the second growing
season revealed that several clones might be sensitive
to the local climate as half of the clones (16 out of
33) had cold injuries at the beginning of the second
growing season. An inappropriate adaptation is a
common concern for the low survival of introduced
clones  (Gudynaité-Franckevic¢iené¢, Plitra, &
Suchockas, 2020; Karacic et al., 2020; Schreiber et
al., 2013). The differences in autumn frost damage are
likely related to clonal differences in the timing of bud
set (Friedman et al., 2008; Howe et al., 2000) that is
typically found to be highly heritable (Pliura et al.,
2014), thus, differ among the genotypes.

Indeed, while most of the clones were damaged
scarcely (median of the proportion of damaged
trees 4%), genotypes of certain families were more
susceptible to sudden temperature drop than others. In
our site progenies of P. maximowiczii X P. trichocarpa
had suffered from autumn frost substantially more
than other clones with the proportion of damaged trees
12% for Hybride275, 14% for Matrix24, and 20% for
Matrix11. However, while maladaptation might be
related to the high mortality of northward-transferred
clones, it seems an incongruous explanation for the
high mortality of locally collected clone Popl. The
ortet of this clone was introduced in Latvia decades
ago and has shown reasonable growth to be selected
for progeny testing; therefore, presumably it should
not be severely negatively affected by local climatic
conditions.

Neither browsing, nor autumn frost damage was
negatively related to survival (rtho = —0.02, p > 0.05
and rho = 0.53, p < 0.001). However, only one-fifth
(site mean 21%) of trees were alive and undamaged
after the first growing season. Clones P0114 and
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Figure 1. The damage of clones after the first growing season. Colour of the stacked bars: black — undamaged
trees, dark grey — autumn frost-damaged trees, light grey — browsed trees, white — dead trees.

Hybride275 had a notably higher proportion (69%
and 57%, respectively) of undamaged trees than the
others, whereas eight of the clones had less than 10%
of such trees.

There was no link between autumn frost damage
and survival, suggesting that autumn frost damages
unhardened shoots but not to an extent that affects
plant survival. However, the effect of frost injuries
depends on the timing and severity of frost and might
be more severe in case of a more extreme temperature
drop. This was shown in a recent study of simulated
spring frost where 40% mortality of P. maximowiczii
x P trichocarpa hybrids and 45% mortality of
P. deltioides % P. trichocarpa hybrids was observed
for two-year-old trees (Gudynaité-Franckeviéiené,
Plitira, & Suchockas, 2020).

Tree survival showed a significant positive link to
height (rho =0.67, p <0.001). At the clone mean level,
there was no relationship between height and proportion
of autumn frost-damaged (rho = 0.42, p > 0.05)
trees. However, the autumn frost-damaged and
browsed trees were significantly (both p < 0.001)
higher than the undamaged trees with site mean 105.3 +
7.9, 83.0 £ 1.2, and 72.0 £ 2.5 cm, respectively. The
autumn frost-damaged trees were markedly longer
compared to the intact trees, suggesting that fast-
growing trees are more susceptible to frost at the end
of the growing season. It is consistent with previous
findings of trees that set buds later are higher, yet,
also more prone to frost injuries (Pliura et al., 2014).
Although we lack repeated assessment of damaged
trees, autumn damage might cause stem quality defects
due to disrupted apical growth and reduce tree height
due to withered shoot top. A study of simulated spring
frost showed height reduction by 26% for two-year-
old poplars (Gudynaité-Franckevic¢iene, Plitra, &
Suchockas, 2020), whereas a study in northern boreal
conditions has shown height reduction to exceed
1.35 m length for poor-performing clones while no

or minor reduction for high- and average-performing
clones at the age of three years (Schreiber et al., 2013).

Overall, the observed damage had a low effect on
clone height performance, as there was a relatively
tight correlation between the height of the alive trees
(pooled undamaged, autumn frost-damaged, and
browsed trees) and undamaged trees (rho = 0.82, p
< 0.001). Clones significantly (p < 0.001) differed in
their height after the first growing season, and their
height was from 51 + 8 to 124 £ 5 cm for alive trees
(Figure 2), and 37 = 9 to 159 + 25 cm for undamaged
trees. However, for a few clones damage significantly
affected height: for clone AF16 undamaged trees
had by 28% shorter height when all live trees were
considered, whereas for clone LV3 undamaged trees
were by 39% higher than all live trees.

Poplars in boreal conditions have to deal not
only with the mismatching length of the growing
season but also with low minimum temperatures and
freeze-thaw events (Schreiber et al., 2013). The clone
survival after the first growing season was positively
related to survival (rho = 0.80, p < 0.001) at the age
of three years. However, the observed winter frost
damage showed no relation regarding the proportion
of trees with autumn frost damage observed at the
age of one year (Figure 3), indicating different
underlying mechanisms for these types of injuries
and implications for clone selection. As opposed
to results of autumn frost injuries, trees with winter
frost damage tended to be shorter than trees with no
visible damage (Figure 4) and had lower survival (rho
= 0.47, p < 0.01). Such a trend of clones with low
survival to be shorter was observed in boreal Canada
and was linked to structural traits of wood, namely,
xylem vessel size that also affects tree cold tolerance
(Schreiber et al., 2013).

The clonal differences in their height were
significant at all studied ages (all p < 0.001; Figure 2).
Our results of clonal mean at the respective age are in
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Figure 2. Height at the age of one (dark stacked bars), three (grey stacked bars), and four (light stacked bars;
+ 95% confidence interval) years, survival (black bullets) at the age of three years and proportion of autumn
frost-damaged trees (white bullets) at the beginning of the second growing season.

a range of mean height of the clone origin groups at
the age of three years (166 to 258 cm) in Denmark and
the age of four years (32 to 630 cm) in Sweden (Stener
& Westin, 2017). Higher height growth was observed
in north-eastern Germany (Landgraf, Carl, & Neupert,
2020), where 11 clones overlapped with our studied
site. After the first growing season clones had height
from 1.09 m to 2.35 m, notably exceeding height
performance in our site already after the first season
and the difference in height between the studies was
even more distant at the age of three years.

The height difference between the highest and
lowest clone increased from a magnitude of 2.4 at the
age of one year to 2.9 at the age of three years, and
such variation across the clones is typically observed
in clonal trials (Nielsen et al., 2014; Pliura et al., 2007,
2014). During these two years, clones had moderately
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Figure 3. The proportion of autumn frost-damaged
trees in the spring 2017 and the winter frost damage
grade of the winter 2018. The grades of winter frost
damage are as follows: 0 — dead, 1 — severe damage,

2 — mild damage, tree recovers, 3 — minor damage,

and 4 — no visible winter frost damage.

changed their ranking of height (correlation between
height measurements rho = 0.61, p < 0.001; Figure 5a).
Variation in ranking at the first few years is related to
different growth development strategies, such as to clone
ability to establish roots (Zalesny, Riemenschneider,
& Hall, 2005; Zhao et al., 2014) and allometric
differences (Karacic et al., 2020) that are determined
by clone parental species. Poor or even adverse relation
between height growth at the age of one and four years
for 37 poplar clones was observed by Stener and Westin
(2017). At the age of four years, the difference in height
between the highest and lowest clone was slightly
decreased. Additionally, the clonal ranking between the
age of three and four years was changed less (maximal
difference: 20 positions for clone LV3; Figure 5a) than
between one and three years (maximal difference: 10
positions for clone Pop6; Figure 5b).

The poplar performance is also affected by
genotype x environment interaction (Pliura et al.,
2007), which implies a need for clonal testing in
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Figure 4. Tree height at the age of three years
according to winter frost damage grades of the winter
2018. The grades of winter frost damage are as
follows: 0 — dead, 1 — severe damage,

2 — mild damage, tree recovers, 3 — minor damage,
and 4 — no visible winter frost damage.
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Figure 5. The changes in clone ranking for height (a) between the age of one (H1) and three years (H3) and

(b) between the age of three (H3) and four (H4) years. The dashed lines represent the unchanged position of

a rank between the different ages. Clones above the line have decreased rank and clones below the line have
increased the rank.

various sites also for clones with decent growth. As
an example, the clone OP42 was among the best
performing clones for height and had reasonable
survival in the present study, while in a study of clone
OP42 on a frost-prone site all trees had completely
withered stems in the spring after the first winter season
(Senhofa et al., 2017). On the other hand, the survival
after the winter frost for clone Baldo (P. deltoides)
was so severe that we removed it from the further
measurements. This clone had shown inferior growth
also in previous trials in Latvia (Sénhofa et al., 2018),
suggesting that further testing and practical use of this
particular clone might be inexpedient.

Our results indicate that clones with comparable
height growth that are not susceptible to cold injuries
might be selected (e.g. clones Max1, Matrix49; Figure
2). Alternatively, for clones Matrix24 and Matrix11,
the fast-growth likely compensated the height-loss
due to autumn frost damage, as these were among
the highest clones at the age of four years. Progenies
of the same parental species as clone series Matrix
(P maximowiczii * P. trichocarpa) have shown
similar results by remaining position among the tallest
clones regardless of significant height loss due to
stem withering (Gudynaité-Franckeviciene, Plitra,
& Suchockas, 2020). The prevalence of benefits over
potential losses in growth and survival due to frost
damage was observed for ten-year-old P. tremuloides
clones that were moved as much as 7° latitude in
western Canada (Schreiber et al., 2013).

Alternatively, our results also agree with findings
from a previous study (Lazdina et al., 2016),
suggesting that suitable tolerance to cold injuries of
locally collected clones has not sufficient advantage to
gain a higher yield, as compared to highly productive,

although more sensitive, introduced clones. Attempts
to obtain local planting material are also done in the
Czech Republic (Novotna, Stochlov4, & Benetka,
2020). They tested locally selected P. nigra genotypes
and crossings among their plus trees selected from
natural populations with introduced clone Max4 over
three rotations, each by three years. Similarly to our
results, locally selected clones were inferior, and
the best performing local clone had by the quarter
lower yield of dry matter than clone Max4 (Novotna,
Stochlova, & Benetka, 2020). The results from a trial
in Sweden where 34 clones of different origin were
tested showed the most popular ‘old’ clone in the
region, OP42, to exceed growth performance by 30%
to 60% at the age of 12 years of other more recently
bred varieties (Karacic et al., 2020).

Conclusions

The results of this study emphasize the need for
clonal testing under the local climatic conditions before
recommendations of particular clones for commercial
use in Latvia. The results indicate that fast-growing
trees (unhardened shoots) are more susceptible to
autumn frost damage that reduces height, while trees
with poor growth are more likely to be damaged by
winter frost that affects survival. Regardless of the
large variation among the clones, the best 15% of
clones showed comparable height growth (difference
less than 10%) and reasonable survival, suggesting
that several clones with close performance could be
selected for commercial use to mitigate both ecological
and financial risks. Yet, further monitoring of the clone
performance is needed for recommendations to use
particular clones at least until they have reached half of
the expected rotation age.
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