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Abstract: The increasing worldwide interest in renewable energy and carbon storage has led to the
development of relatively fast solutions to obtain wood biomass. The cultivation of fast-growing tree
species in short-rotation crops, such as hybrid poplar clones, is one such solution, at least in temperate
areas. Sometimes these monocultures are affected by disturbing factors, including severe insect
defoliation, with strong destructive effects. The impact of defoliation on the growth and productivity
of poplar crops is often estimated in the context of artificial defoliation. There have been few studies
in which the effect of defoliation was calculated after natural defoliation. Among defoliating insect
species, Clostera anastomosis L. is one of the most important defoliators of young poplars. This species
developed severe defoliation in a 4-year-old poplar clone AF8 crop, from the northeastern part of
Romania, in the spring and summer of 2017. The study aimed to assess the impact of defoliation both
on the growth and mortality of defoliated trees and the productivity of the affected crop. To reach
this goal, the height and radial growth of 150 trees with different defoliation rates (50 non-defoliated,
50 partially defoliated, and 50 completely defoliated) were measured and the defoliation symptoms
and mortality were also evaluated for 4780 poplars (10% of the analyzed population). The defoliation
caused a significant decrease in the annual height growth (28.6% of the partially defoliated trees and
38.5% of the completely defoliated trees) and a severe decrease in the radial growth, between 82.2%
and 90.4%, respectively, depending on the defoliation rate. These strong decreases led to a significant
decline in tree-level biomass accumulation, approximately 74.8% for partially defoliated trees and
83.1% for completely defoliated trees, for the year of defoliation. As a result, the loss in total biomass
(for the four years of the rotation) was between 28.1% and 34.6%, respectively, depending on the
defoliation rate. Therefore, the total biomass loss was 5 t·ha−1, representing approximately 70% of
the forecasted production for 2017 only (approximately 7 t·ha−1).

Keywords: SRWCs; Clostera anastomosis; defoliation; impact

1. Introduction

The worldwide cultivation of the fast-growing tree species in short rotation woody
crops (SRWCs), especially on marginal lands or agricultural fields [1–4], represents a solu-
tion in light of the need to reduce the use of fossil fuels and increase carbon sequestration.
Among the tree species suitable for this crop is poplar. Therefore, several poplar hybrids
have been developed for cultivation in short rotation cycles (from 2 to 7 years). [5–7].

At present, the International Poplar Commission estimates that poplars are cultivated
on a global scale on more than 80 million ha [8], of which 8% are SRWCs [9]. In European
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Union, in 2015, SRWCs exceeded 50,000 ha [10], of which approximately 2600 ha were
cultivated in Romania [9]. Out of this, over 800 ha were located in the northeastern region
of the country, mainly in the interfluve of the rivers Suceava and Siret, and the most
performant clones were AF8 (Populus× generosa), AF2 (Populus× canadensis), and Pannonia
(Populus × euroamericana) [11,12].

Most SRWCs use poplar clones with high productivity and consist of monocultures
with narrow genetic and structural diversity, resulting in an increased risk of diseases
and pest attacks [13–16]. Only in Europe, the list of poplar pests comprises 525 species
of arthropods [17], but only a small number of species can be so harmful to trees to be
considered pests [18,19]. Of these, during outbreaks, defoliating species cause severe
damage to the trees, mainly in terms of growth reduction [20] as a response to leaf area loss
and the subsequent decrease in the photosynthetic capacity of the affected plants [21]. Like
many other broadleaved species, poplars can reflush after severe defoliation occurring in
early spring, and this can attenuate the negative effect on growth. Multivoltine defoliating
species can also damage the second set of leaves, severely impacting tree growth and
vitality [22] and reducing biomass accumulation as defoliation rates increase [23,24]. Intense
and repetitive defoliation will result in irreversible physiological decline and the mortality
of the affected trees [23].

Clostera (Pygaera) anastomosis Linnaeus, 1758 (Lepidoptera: Notodontidae) is a Palearc-
tic moth species that feeds as a larva on the leaves of poplars. The insect has two to three
generations per year and hibernates as a larva in small silken nests in bark crevices on
the lower trunk of colonised trees. The flight of the overwintering generation occurs from
the mid-May to mid-June, the first generation flies in July-August, and, exceptionally, a
second generation flight takes place in the second half of September [25,26]. Flight activity
is mainly nocturnal, and adults rest on poplar leaves during the day. Females lay their eggs
in clusters on the back of the leaves. The larvae in the first two instars feed gregariously,
skeletonizing the leaves. From the third instar onwards, they spread into the crown, eating
the whole leaf except for the main vein. Late instar larvae pupate in a cocoon woven into a
wrapped leaf [27,28]. The insect causes damage to poplar crops through defoliation, which
can be reduced by applying mechanical, chemical, or biological control measures. Mechan-
ical control is carried out in early spring by ringing the trunks of trees with glue above
the larvae’s hibernation zone, thus blocking the larvae’s return to the canopy. Chemical
and biological control is carried out by spraying affected crops with selective chemical or
biological insecticides when larvae are active [25,29,30].

This moth is one of the most dangerous defoliating pests in poplar crops, with out-
breaks developing in the majority of European and Asian countries which intensively
cultivate poplar hybrids [14,18,28,31,32]. The first severe outbreaks were recorded after the
year 1950, mainly in Central and South Europe, in intensive hybrid poplars crops installed
after World War II [11,25,33–35], and continued in Asia after the year 1970, specifically
in Pakistan [36], Turkey [37], Japan [38], and China [39]. In Romania, poplar crops were
damaged by C. anastomosis in 1955 in forest belts of Populus sp. cv ‘marilandica’ and P. sp. cv
‘harcovensis’ in Bărăgan, then in 1971 in the Prut River floodplain in a young Euroamerican
poplar plantation (R18), and in intensive hybrid poplar crops in northeast of the country in
the years since 2013 [11,31,40].

The defoliation effect on tree growth and biomass accumulation is often estimated
by mathematical models in the context of artificial defoliation [16,24,41]. The mechanical
reduction in foliage resulted in height and radial growth losses of 20%–60% [23,42–44]. The
magnitude of the negative impact depends on the moment of the defoliation episode, with
the most damage being done in June and the least in May or August [45]. Regarding the
defoliation rate, significant growth losses occurred when at least 75% of the foliage was re-
moved (20% diameter growth loss and 15% height growth loss) [16,41,46,47]. Nevertheless,
natural defoliation by Chrysomela scripta F. on hybrid poplars results in a higher negative im-
pact than artificial defoliation [48], explained by the complex reaction of the plants driven by
the loss of foliage and the development of defense mechanisms [20,49,50]. Arru [28] found
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that defoliation by C. anastomosis has a significant impact on the growth of poplars if more
than 50% of the foliage is removed, resulting in losses in terms of biomass accumulation of
10%–12%. Furthermore, if the trees are completely defoliated, the biomass yield can de-
crease by more than 30% and isolated mortality can occur. Lymantria dispar L. defoliation on
a 7–9-year-old hybrid poplar crop reduced its height growth by 11%–15% and radial growth
by 35% [51]. The defoliation of Populus euphratica plantations by Apocheima cinerarius Er-
shoff (1874) and Catoloca remissa Staudinger, 1892 decreased the biomass accumulation by
up to 44% compared to the year before defoliation [52].

SRWCs in the North-Eastern Romania were affected by intense defoliation caused
mainly by C. anastomosis, starting in 2013, with the most severe attacks occurring in the
4–5 year old crops [11,53]. The intense defoliation that occurred in 2017 in SRWCs in the
northeastern region of Romania provided the conditions for a new case study. Thus, our
aim was to assess the impact of natural spring and summer defoliation by C. anastomosis in
short-rotation poplar crops (clone AF8) on the growth and mortality of defoliated trees.

2. Materials and Methods
2.1. Study Area

The study area was an SRWC (clone AF8) with an area of 43 ha which was strongly
damaged by C. anastomosis defoliation. It is located in the northeastern part of Romania, in
the flood plain of the Siret River, within the proximity of Zvoris, tea village, Suceava County
(47◦51′33′′ N; 26◦16′8′′ E), at an altitude of 274 m a.s.l., and is surrounded by agricultural
crops (Figure 1). The soil is predominantly alluvial (preluvosoil type), with the water table
located at a depth of 1.5–2 m [54]. The climate is temperate continental, with the average
annual precipitation not exceeding 600–650 mm, and the multiannual average temperature
is 8 ◦C. The average length of the growing season varies between 160 and 170 days [55].
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Figure 1. Location of defoliated poplar crop and potential sources (yellow dots, 1 and 2) of
Clostera anastomosis (Satellite image source: Google Earth, July 2017 [56]).

The intensive crop of hybrid poplar was installed in 2015 by a private investor, with the
aim of obtaining energetic woody biomass after a five-year production cycle. In this regard,
2 m rods of AF8 poplar clone provided by Alasia New Clones, Italy [57], were planted at a
distance of 2 m per row and 3 m between rows, resulting a density of 1667 trees·ha−1. The
planting was performed by a planter carried by a tractor, the rods being thus introduced
into the soil at a depth of 0.7 m. Afterward, the crops were maintained by tilling the soil
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between the poplar rows yearly and applying herbicides in the space between the poplars
in a row.

2.2. C. anastomosis Outbreak

C. anastomosis was observed for the first time in the studied area in the summer of
2016 but without significant defoliation. This species may have arrived in the poplar crop
but most likely migrated from the nearby forest, 0.7 km away (point 1 in Figure 1), where
C. anastomosis is natively present. It is also possible that it migrated from other hybrid
poplar crops located 3 km away (point 2 in Figure 1), where severe defoliation was observed
from 2014–2016 [11]. The observations performed at the end of April 2017 showed that
the defoliating insect was present in the entire poplar crop. In the middle of May, the first
severe defoliation produced by the larvae of the hibernating generation were noticed, with
this located in groups of trees unevenly distributed throughout the crop. In July, the severe
defoliation produced by the larvae of the next generation confirmed the outbreak of this
pest, with most of the trees in the crop being partially or totally defoliated.

2.3. Trees Sampling and Growth Measurements

Three classes of canopy defoliation (non-, partially, and completely defoliated trees)
were used to visually assess the C. anastomosis defoliation effects on crown foliage. Non-
defoliated trees were those with leaves that were not affected or with less than 10% of the
crown defoliated (Figure 2a). Partially defoliated trees were those that were defoliated in
terms of more than one-third of the crown volume but not exceeding two-thirds (Figure 2b).
Completely defoliated trees were those that were fully defoliated (Figure 2c). Therefore, at
the end of September 2017, 150 randomly distributed trees were selected throughout the
crop (50 trees for each defoliation class).
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Figure 2. Poplar trees affected by different degrees of defoliation ((a)—non-defoliated; (b)—partially
defoliated; (c)—completely defoliated).

All selected trees were harvested, and the annual height growth and annual radial
growth were measured. The annual height growth was measured in the field using a tape
measure with a precision of 1 cm, with the trunk segments for each year being identified
based on annual internodes. The annual radial growth was measured on stem discs
sectioned at 2 m. The discs were processed in the laboratory by drying and sanding, after
which they were scanned at a resolution of 2400 dpi. The annual radial growths were
measured on post-scan images using the CooRecorder and CDendro work package, which
ensured an accuracy of 0.01 mm [58].
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2.4. Aboveground Biomass Assessment

The estimation of the aboveground biomass for the measured trees was carried out
using the allometric equation (1), which calculates the individual tree biomass according
to the height of the poplar tree and the diameter at a height of 2 m. This is an allometric
equation specific to 4–5-year-old trees from the AF8 poplar clone, which was obtained
as a result of the research carried out in the period 2012–2016 for similar poplar crops
located near the current study area [12,59]. Unlike other similar equations, this one uses
the diameter at a height of 2 m (using DBH would have led to inaccurate results because at
the age of 4 years, at 1.3 m in height, poplar trees grown from rods exhibit over thickening
as a result of the callusing of the rod end).

BM = 25.09821− 6.46566 × H + 0.67500 × D2m + 0.37471 × H2 + 0.11027 × D2
2m; R = 0.9636 (1)

where BM is the aboveground biomass (in kg); H is the tree height (in m); and D2m is the
diameter of the stem at 2 m above the root collar (in cm).

The tree level aboveground biomass added during 2017 is the difference between
the sum of the aboveground biomass from 2014–2017 and the aboveground biomass from
2014–2016 (Equation (2)). The sum of the aboveground biomass from 2014–2016 was
calculated using Equation (1), as was each tree’s height (H) and diameter (D2m) for 2016.

BM2017 = BM − BM2014–2016 (2)

where BM2017 is the annual aboveground biomass added during 2017 (in kg); BM is total
aboveground biomass; and BM2014–2016 is the aboveground biomass for 2014–2016 period.

2.5. Assessment of Tree Mortality and Estimate of Biomass Loss

The severe defoliation recorded in 2017 led to the death of certain poplar trees. The
proportion of dead trees was determined by the systematic sampling of 10% of the trees.
Thus, on every tenth row of the plantation, all trees were inventoried and assigned to one of
the three classes described previously (non-defoliated, partially defoliated, and completely
defoliated). For completely defoliated ones, the root collars were carefully analyzed, and
if the bark was cracked and brittle, with the phloem colored brown (the clear signs of
necrosis) (Figure 3), they were considered dead due to defoliation.
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Figure 3. The root collar of a completely defoliated and dry poplar tree. Figure 3. The root collar of a completely defoliated and dry poplar tree.

Tree-level biomass loss was calculated as the differences between the average biomass
accumulated from undefoliated trees and the average biomass accumulated from partially
and completely defoliated trees, respectively. Next, the individual tree loss per defoliation
class were multiplied by the number of trees that were assigned to a given defoliation
class from an inventoried poplar row. Furthermore, defoliation class level data were
added together to calculate the losses at row level, which were then extrapolated to the
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hectare level, taking into account the number of poplars in the row and the number of
poplars per hectare.

2.6. Data Analysis

Data analyses were performed by XLSTAT-PRO (Addinsoft, New York, NY, USA)
plugged into EXCEL (Microsoft Corp., Redmond, WA, USA). The effects of defoliation,
on annual height and radial growth, were tested with repeated measures ANOVA us-
ing the defoliation class as the explanatory variable and the annual measurements as
dependent variables. The one-way ANOVA was used to assess the defoliation effect on
biomass accumulation.

Before ANOVA, data were checked for the normality (Shapiro–Wilk test) and ho-
mogeneity (Levene’s test) of the distributions. Furthermore, a post hoc Tukey’s test for
multiple comparisons was applied. For ‘individual aboveground biomass’ distributions
that were not normal, the data were transformed with the relationship x’ = ln(x + 1) [60]
(Table A1, Appendix A).

3. Results
3.1. Defoliation Impact on Tree Growth
3.1.1. Annual Height Growth of Trees

The defoliation class showed a significant effect on the annual height growth from
2017 only (Table 1).

Table 1. Summary statistics for differences between annual height growths depending on the
defoliation class (repeated measures ANOVA).

Explanatory
Variable

Dependent
Variable d.f. Sum of

Squares
Mean

Squares F p

Defoliation class

Ih 2014 2 0.2114 0.1057 2.5829 0.0790
Ih 2015 2 0.2997 0.1498 2.4438 0.0904
Ih 2016 2 0.4909 0.2454 1.5286 0.2203
Ih 2017 2 6.8723 3.4361 43.2759 <0.0001

Note: Ih—the annual height growth; d.f.—degrees of freedom; F—statistic value for ANOVA test.

The most intense height growth was recorded in 2015 (2.8 ± 0.25 m), and in 2014
and 2016, the values were lower by approximately 40% (1.7 ± 0.21 m and 1.7 ± 0.35 m,
respectively). The lowest height growth was recorded in 2017, with non-defoliated trees
having approximately 54% lower height growth than in 2015. The defoliation produced
in 2017 led to a significant reduction in annual height growth, with the reduction being
approximately 28.6% in the case of partially defoliated trees and approximately 38.5% in
those that were completely defoliated (Figure 4).

3.1.2. Annual Radial Growth of Trees

An effect of severe defoliation in 2017 was also found in the case of radial growth. As
in the case of annual height growth, all three variables had a significant effect on annual
radial growth (Table 2).

Table 2. Summary statistics for differences between annual radial growths depending on the defolia-
tion class (repeated measures ANOVA).

Explanatory
Variable

Dependent
Variable d.f. Sum of

Squares
Mean

Squares F p

Defoliation class

Ir 2014 2 0.2138 0.1069 2.4753 0.0678
Ir 2015 2 0.1487 0.0738 2.1426 0.1203
Ir 2016 2 0.5208 0.2604 1.6279 0.2348
Ir 2017 2 2598.1189 1299.0594 907.1418 <0.0001

Note: Ir—the annual radial growth; d.f.—degrees of freedom; F—statistic value for ANOVA test.
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Figure 4. Annual height growth of trees for the period 2014–2017. ND—non-defoliated trees;
PD—partially defoliated trees; CD—completely defoliated trees. The symbols above the error bars
indicate the significance of the differences between the means of annual height growth depending
on defoliation classes according to Tukey’s multiple comparison test (p < 0.05) (ns—not statistically
significant (p > 0.05); * significant (p < 0.05); *** very highly significant (p < 0.001)).

The highest annual radial growth was recorded in 2015 and 2016 (12.4 ± 1.71 mm and
12.2 ± 1.14 mm, respectively). In 2014, the non-defoliated trees registered the lowest radial
growth, 4.9 ± 1.17 mm, with this being approximately 60.5% lower than in 2015. In 2017,
the non-defoliated trees registered a radial growth of 10.2 ± 1.71 mm, approximately 17.7%
lower than in 2015. The defoliated trees grew significantly less in diameter than the non-
defoliated ones, with the partially defoliated trees recording reductions of approximately
82.2% and the completely defoliated ones of approximately 90.4% (Figure 5).
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3.1.3. The Impact of Defoliation on the Tree-level Aboveground Biomass

The severe defoliation produced by C. anastomosis in the spring and summer of 2017
led to a significant reduction in aboveground biomass accumulation in the affected trees
(Table 3).

Table 3. Summary statistics for differences between total biomass accumulation and previous year
biomass accumulation, depending on the defoliation class (ANOVA one way).

Aboveground
Biomass

Acumulated in:

Explanatory
Variable DF Sum of

Squares
Mean

Squares F p

2014–2017 period Defoliation class 2 347.8928 173.9464 126.8460 <0.0001

2017 Defoliation class 2 364.6105 182.3052 339.4080 <0.0001
Note: d.f.—degrees of freedom; F—statistic value for ANOVA test.

The non-defoliated trees accumulated 10.0 ± 1.46 kg, the partially defoliated trees
had lower accumulations, approximately 28.1% (7.2 ± 1.03 kg) lower, and the completely
defoliated ones had accumulations that were approximately 34.6% (6.6 ± 0.88 kg) lower
after four growing seasons (Figure 6a). Regarding aboveground biomass accumulation in
2017, the non-defoliated trees accumulated significantly more biomass than the defoliated
ones (Figure 6). Thus, the non-defoliated trees accumulated 4.2 ± 1.09 kg, approximately
74.8% more than the partially defoliated ones (1.0 ± 0.51 kg) and 83.1% more than those
that were completely defoliated (0.70 ± 0.28 kg) (Figure 6b).
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Figure 6. Aboveground biomass of poplar trees for the period 2014–2017 (a) and in 2017 (b).
ND—non-defoliated trees; PD—partially defoliated trees; CD—completely defoliated trees. Bars with
different lowercase letters indicate significant differences according to Tukey’s multiple comparison
test (p < 0.05).

3.2. The Impact of Defoliation on Crop and Aboveground Biomass Losses

Significant differences were found between the number of trees per hectare in each
defoliation class (Table 4).

Table 4. Summary statistics for differences between number of trees per hectare depending on the
defoliation class (ANOVA one way).

Explanatory
Variable DF Sum of Squares Mean Squares F p

Defoliation class 2 4,346,683.4600 2,173,341.7300 436.1694 <0.0001
Note: d.f.—degrees of freedom; F—statistic value for ANOVA test.
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In 2017, 88.4% of the 4780 analyzed poplar trees showed symptoms of C. anastomosis
attack. Of these, 3102 trees were completely defoliated (64.9% or 1082 specimens/ha) and
1123 trees (23.5% or 392 specimens/ha) were partially defoliated. Only 555 trees did not
show obvious symptoms of defoliation (11.6% or 192 specimens/ha) (Figure 7).
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Figure 7. Distribution of the average number of trees per ha according to defoliation classes.
ND—non-defoliated trees; PD—partially defoliated trees; CD—completely defoliated trees. Bars with
different lowercase letters indicate significant differences according to Tukey’s multiple comparison
test (p < 0.05).

Regarding tree mortality after total defoliation, it was found that of the total trees
analysed, 1379 completely defoliated trees were dead. The mortality per inventoried tree
row was 137.9 + 38.6, resulting in 480.2 + 131.6 dead trees·ha−1 (28.8% of the planting
trees–1667 trees·ha−1) (Figure 7).

The average loss at tree-level recorded after the partial defoliation produced in 2017
was 3.1 ± 0.59 kg, leading to a loss per hectare of approximately 1215 ± 231 kg·ha−1

(depending on the proportion of partially defoliated trees). In the case of completely
defoliated trees (which in 2017 reduced their biomass accumulations, with an average of
3.4 ± 0.81 kg), the cumulative losses per hectare were approximately 3731 ± 760 kg·ha−1.
The total biomass loss per hectare was approximately 4946 ± 1104 kg·ha−1, thus leading to
a 70.2% reduction in production per ha in 2017 (Figure 8).
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The analysis of poplar crop productivity during the four years (2014–2017) showed that,
if it had not been affected by defoliation, the crop would have accumulated approximately
16709 ± 2438 kg·ha−1. However, the effect of defoliation led to an average accumulation of
11840 ± 1648 kg·ha−1, at a loss of approximately 29%.

4. Discussion
4.1. Defoliation Impact on Individual Poplars’ Growth

This case study confirmed the major negative impact of C. anastomosis on the produc-
tivity and stability of short-rotation poplar crops, an aspect stated by previous research
both in short-rotation poplar crops [25,61] and in artificial young poplar stands (at least
20 years old) [13,26,28]. Nevertheless, the developed studies addressed the impact of
natural defoliation produced by C. anastomosis on annual height growth, radial growth,
and biomass accumulation at the individual tree level or on the entire affected crop and
only to a small extent [48,51,52,62].

Tree growth is expected to vary from one year to another depending on the precipita-
tion variability and soil water content during the growing season [63,64]. During the first
three years, the height and radial growth of trees in this study followed the trend recorded
in other poplar crops near to the studied area [59].

In 2017, defoliation significantly affected the height growth of the damaged poplars,
with the reduction rate (28.6%–38.5%) reaching higher levels compared to the majority of
the studies based on artificial defoliation of poplar trees of a similar age. Total defoliation
in 4-year-old Robusta clone poplars led to an 18% reduction in height growth [43], and
successive defoliations totalling 75% of the foliage led to 12% reductions [24]. The height
growth for the defoliated trees on 75%–100% of the foliage was 42%–76% smaller compared
to non-defoliated trees in the case of one-year-old poplars [16,41]. However, to a lesser
extent, the height growth for 2017 may have been less affected by defoliation than radial
growth as height growth, at the beginning of the season, uses the resources accumulated
from previous year. The maximum effect of defoliation was observed in July, despite
the fact that the height growth of the poplar starts in May and reaches its maximum in
June [65,66].

Additionally, radial growth was significantly affected by C. anastamosis attacks, with
the trees with partial or complete defoliation managing to accumulate very little in diameter.
This is not surprising, since most of the growth in diameter occurs in the second part of
the growing season, increasing towards the end of the height growth period [65,67], when
most trees were already defoliated. However, the defoliation produced by L. dispar (spring
defoliation) on 7–9-year-old poplars led to a reduction in diameter growth of approximately
35% [51]. This was most likely due to the affected trees managing to regenerate their
foliage and continuing their accumulation, which did not happen in the present case,
where successive defoliation occured. Artificial defoliation of more than 50% intensity,
produced in spring, led to reductions in radial growth of up to 44% [43,46]. In contrast, the
defoliation produced in July led to reductions in radial growth of 60% [23,44] and even 88%
in one-year-old poplars [41].

As expected, the reduction in the height and radial growth of poplar trees affected
by defoliation led to a significantly lower accumulation in aboveground biomass. The
losses found in this study (28.1–34.6%) were similar to those reported by Arru [28] for
similar attacks (30%) but lower than for complete artificial defoliation carried out for several
consecutive years, when losses reached 60% of the total volume of trees [23,44].

However, it would appear that in certain cases, the effect of natural defoliation (pro-
duced by Crysomela scripta) is stronger than that of artificial defoliation [48], and sometimes,
in the case of late defoliation, the affected trees strongly disrupt the process of lignification,
with serious consequences during the winter [23,44].
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4.2. The Impact of Defoliation on Poplar Crop and Aboveground Biomass Losses

The defoliation recorded in the studied poplar crop was of high intensity according
to the provision of technical norms in Romania [68]. In the last ten years, in Romania,
the area of crops and stands with an intensification in the severity of attacks produced by
C. anastamosis increased to over 50% of the total infested areas (over 2000 ha of poplar crops
and stands in 2012) [11]. The reasons for this phenomenon are diverse, starting with the
restriction of the use of pesticides and continuing with the increase in the proportion of
3–7 year crops.

On the other hand, the loss caused by C. anastomosis defoliation in the poplar crops
were similar to those produced by severe droughts [69,70] or by the lack of soil maintenance
works [71]. In the present study, the loss reached approximately 5 t·ha−1 dry biomass in
2017, representing approximately 70% of the potential yield, estimated at approximately
7 t·ha−1. The estimated biomass production [72] for poplar crops with a 5-year rotation
cycle and a density of 1667 trees ha−1 [63] is approximately 10 t·ha−1·year−1 for our study
area. However, in the last 10 years in various crops in northeastern Romania, biomass
production varied between 5–7.5 t·ha−1·year−1 [12,72]. In this context, defoliation with
an intensity similar to that in the present study leads to losses comparable to the average
production for one year, in our case even more (as the average of the four growing seasons
(unaffected by defoliation) is approximately 4.2 t·ha−1·year−1).

In the case of this study, the poplar crop affected by defoliation was harvested in the
cold season after the defoliation. As a result, it was not possible to assess the impact of
the attack on the growth of poplars which remained alive in the next year. However, it
is known that the effects of defoliation, at least of an artificial nature, on trees grown in
short-rotation poplar crops are felt mainly in the following two seasons, after the occurrence
of the defoliation, when their productivity is lower than that of non-defoliated trees [73].
The defoliated trees become more sensitive to the effect of extreme climatic factors (drought,
floods, early frosts) because they have less developed root systems [24,74], and sometimes
they do not complete the lignification of young shoots, resulting in a significant risk of frost
injury during the winter [23,44].

5. Conclusions

This study has shown the effects of Clostera anastomosis defoliation on the growth
of hybrid poplar trees in a short rotation culture. Defoliated trees had significantly less
high and radial growth than those that were non-defoliated. The height growth loss was
between 28.6% and 38.5% and the radial growth loss was 82.2%–90.4%.

The insect attack led to a significant reduction in individual aboveground biomass,
74.8%–83.1%, in 2017. The yield loss per hectare was between 28.1%–34.6% for 2014–2017 and
approximately 70% for 2017, while the mortality exceeded one-quarter of the poplar trees.

The impact of defoliators can lead to severe economic losses for poplar growers. In
order to avoid situations similar to those described in the present study, it is recommended
to monitor the presence and activity of defoliating insects in intensive poplar crops. If poten-
tial outbreaks are identified, quick intervention through control measures is recommended
to limit the growth of the defoliator population and avoid potential damage.
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Appendix A

Table A1. Results of normality (Shapiro–Wilk test) and homogeneity (Levene’s test) tests for the
growth parameters analyzed.

Parameter Year

Shapiro–Wilk Test Levene’s Test

Undefoliated Partially Defoliated Total Defoliated

W p W p W p F p

Height
Growth

2014 0.9809 0.5901 0.9800 0.5540 0.9915 0.9742 1.1302 0.3258
2015 0.9565 0.0636 0.9702 0.2359 0.9887 0.9115 1.7519 0.1770
2016 0.9694 0.2183 0.9628 0.1160 0.9151 0.0516 0.6170 0.5410
2017 0.9692 0.2137 0.9675 0.1822 0.9616 0.1040 0.7032 0.4096

Radial
growth

2014 0.9640 0.1311 0.9509 0.0571 0.9756 0.3842 0.5744 0.5643
2015 0.9574 0.0690 0.9687 0.2046 0.9817 0.6237 0.1898 0.8373
2016 0.9736 0.3234 0.9828 0.6739 0.9847 0.7597 0.7057 0.4954
2017 0.6574 0.0504 0.9417 0.0257 0.9754 0.3767 3.0449 0.0592

Individual
aboveground

biomass

2017 0.9654 0.1493 0.9687 0.2040 0.9794 0.5279 19.3594 <0.0001
2017 * 0.9687 0.2040 0.9724 0.2897 0.9794 0.5279 0.6449 0.0592

Total period 0.9444 0.1103 0.9690 0.2103 0.9810 0.5951 1.9402 0.1473

Number of trees per hectare 0.9688 0.8795 0.9456 0.6163 0.9269 0.4183 0.9373 0.4041

Note: * test values after data transformation (x’ = ln(x + 1)); W—statistic value for Shapiro–Wilk test; F—statistic
value for Levene’s test.
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euroameričkih topola. Šumarski List 1971, 95, 53–83.

34. Mikloš, I. Pygaera anastomosis L.—Novi štetnik na topolama. Šumarski List 1960, 84, 368–370.
35. Kailidis, D.S. Das Pappelinsektenproblem in Griechenland. Anz. Für Schädlingskunde 1969, 42, 167–171. [CrossRef]
36. Chaudhry, M.I.; Admad, I. Biology of Ichthyura anastomosis Steph., a common hairy defliator of poplars in Pakistan. Pak. J. For.

1974, 24, 55–68.
37. Özay, F.S, .; Güler, N.; Uluer, K.; Selek, F. Investigation on Pygaera (Clostera) anastomosis L. which is harmfull on poplars. Teknġk
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