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Abstract: Protection of Norway spruce stands using anti-attractants was tested during an outbreak
of bark beetles (Ips typographus) in their spring flight. The aims of this study were as follows: (1) to
test the proposed experimental design for tree protection; (2) to evaluate height-specific alternatives
for dispenser installation on trees; and (3) to evaluate the efficiency of tree protection measures using
anti-attractants under bark beetle infestation and drought stress. The experiment was conducted at
the forest edges adjacent to recent clearcuts on 10 blocks in the eastern Czech Republic. Each block
had three adjacent experimental areas, with 20 trees growing in two rows at the recently cut forest
edge (10 trees per row). In front of a block in each of the three areas, four pheromone traps were
installed. The treatment area was protected by anti-attractants. The second area served as a so-called
switch area, where beetles from the treatment area, as the outflux redirected from the anti-attractant,
would start new attacks if not caught in nearby pheromone traps. The third area was a control. We
attached anti-attractant tube dispensers on each tree trunk of the treated area at two heights. The
results suggest a redirecting effect of anti-attractants, pushing beetles into the switch area and causing
subsequent attacks, which was greater than in areas containing treated trees. There was no difference
between two dispensers placed at 1 and 8 m height and both at 1 m. A switching effect of beetle
attacks occurring outside of the treated areas was observed. Mounting anti-attractant dispensers
on tree trunks at one low position above the ground can be substantially less labour-intensive and
as efficient as positioning them at two different heights. For areas affected by severe drought and
extremely dense bark beetle populations, the use of anti-attractants did not prove effective.

Keywords: verbenone; cineol; repellent; switch effect; tree protection; drought

1. Introduction

Large areas of productive Norway spruce (Picea abies (L.) Karst.) forests in the Czech
Republic are affected by severe climate-driven outbreaks of Eurasian spruce bark beetle
(Ips typographus L.) [1,2]. Ips typographus attacks the whole trunk of mature spruce trees [3]
adjacent to previous infestations or trees located predominantly on sun-exposed forest
edges recently created by wind or sanitary logging [4]. During its most biologically
active period in April–September, which fluctuates depending on weather conditions,
I. typographus can produce up to three generations per year [5].

Methods of spruce stand protection vary in their scope and approach, ranging from
conventional sanitary or salvage cutting of infested trees [6] to arrangements of pheromone
trap barriers [7], trap trees, and mass trapping [6,8–11]. However, the biological and
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economic efficiency of trapping to substantially reduce I. typographus populations has been
questioned [6,12,13]. The use of pheromone traps for mass beetle catching is constrained by
the “spillover effect”, as described in [9,11,14]. The construction of commercial dispensers
ensures strong pest attraction to the pheromone, potentially attracting more beetles than
the traps are able to catch. Thus, attracted insects may attack trees adjacent to the traps.

New methods of bark beetle control based on the use of anti-attractants were pioneered
in North America and Europe [15–17], along with the push-and-pull strategy. The repelling
effect (push) of anti-attractants on trees is combined with aggregated pheromone traps
on nearby clearcuts (pull) [18–20]. Several active anti-attractant compounds have been
identified for I. typographus [21]. The first compound is verbenone, metabolised from the
host compound alpha-pinene or by the conversion of the main pheromone component of
I. typographus, cis-verbenol [22]. The second group comprises non-host volatiles (NHVs):
trans-conophthorin, an important synergistic compound found in the bark of broad-leaf
trees [23]; green leaf volatiles (GLVs; 1-hexanol, (Z)-3-hexen-1-ol, and (E)-2-hexen-1-ol)
detected in non-host birch (Betula spp.) and aspen (Populus tremula L.) [24]; and C8 alcohols
(3-octanol and 1-octen-3-ol) emitted from the bark of these tree species. According to [25],
the combination of these seven compounds can produce an active inhibition radius (AIR)
of 2–4 m. In addition, 1,8-cineol, a new active anti-attractant compound, showed field
activity [26] with more precise spatial action than verbenone due to an inhibition of the
pheromone component cis-verbenol at the antenna single-sensillum level [27]. Recently,
a number of other oxygenated monoterpenes of host tree origin has been reported [28]
as physiologically active anti-attractants, including trans-thujan-4-ol [29–31]. The term
“repellent” is not used here, as the behavioural data (above) do not support a movement
away from odour source, as originally defined [32].

The effect of anti-attractants on tree mortality has been evaluated mainly in mountain-
ous or boreal landscapes under normal weather conditions [21,33–35]. Experiments were
performed with wick-based anti-attractant dispensers containing verbenone [33,34] or a
combination of verbenone, conophthorin, and GLVs [21,34,35]. The experimental design
often involves mounting dispensers with anti-attractants at different heights on tree trunks,
e.g., at 2 and 3–6 m above the ground. Installing dispensers at 3–6 m above the ground
is time-consuming. Alternately, dispensers can be located on poles in gaps of the forest
grid, as was done in a protection experiment on spruce stands severely affected by diffuse
sanitary felling [33]. The conventional experimental design involves establishing adjacent
pairs of treatment and control plots at forest edges adjacent to recent clearcuts [21,34]. An
alternative approach is to experimentally evaluate tree protection efficiency on a much
larger scale by considering the stand surrounding the treatment plot at the forest edge as
the control and measuring the geographical positions of attacked trees in and around the
treatment area [21].

Analyses of data obtained under neighbouring pairwise positioning of the plots
indicated that beetle-caused tree mortality was 35 to 76% lower in treatment plots than
control areas [21,34]. Jakuš et al. [21] recorded increasing attack intensity in a 15–30 m swath
along the border of treated areas at the forest edge compared to the landscape average.
We observed a similar pattern in pilot experiments conducted in spruce stands during a
bark beetle outbreak in the Moscow region in Russia. Anti-attractants can have the effect of
pushing bark beetles outside of treated areas onto neighbouring trees in a non-controlled
way, causing an undesirable result for forest management [21]. Similar consequences
of a push-and-pull system used for protecting Douglas fir (Pseudotsuga menziesii (Mirb.)
Franco) against Douglas fir beetle (Dendroctonus pseudotsugae Hopkins) were reported
in [18]. According to that study, increased tree mortality observed outside of the treated
areas was triggered by the “spillover effect” of suppression traps.

In this study, the quantitative relationships between the number of trees infested by
bark beetles and the use of anti-attractants under bark beetle infestation were experimen-
tally explored. The working hypothesis was that the inhibition effects of an anti-attractant
blend would push the beetles outside of the treated area and that placing one double dose
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at 1 m would have the same effect as placing one at 1 m and one at 8 m. The aims of the
study were as follows: (1) to test the proposed alternative experimental design for tree
protection; (2) to evaluate height-specific alternatives for dispenser installation on trees;
and (3) to evaluate the efficiency of tree protection using anti-attractants under bark beetle
infestation and drought stress by measuring effects on a larger scale around treatments.

2. Materials and Methods
2.1. Description of Study Area

The experiment was conducted from 19 April 2018 to 2 July 2018 in mature spruce
stands (Table 1) in the Potštát Forest district located in the north-eastern part of the Czech
Republic (49.670319, 17.545289). The area spans an administrative district of military forest
and farms and has served as the Czech army’s training area since 1946. The topography is
rolling, with elevation ranging from 500 to 650 m. Average annual air temperature ranges
from 5 to 6 ◦C. Average daily temperature in the growing season (April–September) does
not exceed 12 ◦C [36]. Average annual precipitation ranges from 700 to 800 mm/year [37].
Monoculture spruce, characterised by low static stability, are subject to frequent wind
damage. The windstorm of 1991 triggered a chain of permanent bark beetle outbreaks,
which, intensified by climate change, caused substantial forest decline in the area. Military
training activities limit the implementation of forest management and pest control practices
in Potštát. In 2018, bark beetles attacked an extensive area of spruce stands. At the
same time, severe drought, which affected the whole Central European region [2,38],
caused large-scale forest dieback, continuing into 2019 (Table 1). In the year preceding the
experiment, sanitary felling, which removed dead and infested trees growing in the stands
used in this study, reached 24 to 130 m3/ha. Sanitary felling intensity in the forest district
was 55 m3/ha.

Table 1. Summary of experimental block parameters. Age refers to mean age of spruce trees in each
block. Percentage of spruce shows prevalence of P. abies in stand structure. Altitude refers to mean
elevation of each of 10 blocks.

Block Age % of
Spruce

Altitude
(m)

Aspect
Volume of Bark-Beetle-Attacked Trees (m3/ha) in

Surrounding of Experimental Plots

2016 2017 2018 * 2019

1 59 95 640 E 11 60 313 2
2 83 98 620 S 38 73 213 0
3 79 92 640 SE 28 130 103 26
4 75 95 640 W 33 49 215 27
5 71 100 610 S 20 24 78 1
6 85 100 605 S 62 61 106 104
7 74 100 605 S 67 44 88 0
8 68 50 620 S 38 24 136 0
9 68 50 620 S 34 30 255 25

10 83 98 620 SE 38 73 213 0

Mean 74.5 87.8 622 - 37 57 172 19

* Year of this experimental study in spring flight.

2.2. Dispensers

To protect stand edges against I. typographus attack, tube dispensers with an anti-
attractant blend (Fytofarm Ltd., Bratislava, Slovak Republic) were used in the experiment.
Dispensers contained a combination of verbenone (Vn), 1,8-cineol (Ci), racemic trans-
conophthorin (tC), and GLV (1-hexanol) in a loading ratio of Vn:Ci:tC:GLV of 60:40:0.2:15,
as determined by the producer. The content of the customized dispensers was developed
based on a modified mixture of compounds used to compose the IT-REP experimental lure,
an anti-attractant blend that was proved to have inhibition efficacy in field experiments in
Slovakia and Sweden [21]. The dispensers release 50 mg/day of the blend for 8 weeks, as
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stated by the manufacturer. A commercial wick pheromone lure, IT Ecolure Extra (Fytofarm
Ltd., Bratislava, Slovak Republic), was used in the traps. We did not renew the dispensers
during the summer since their nominal release duration of 2 months was enough to capture
the tree protection effects during the period of maximum bark beetle attack intensity.

2.3. Experimental Design

The experiments were performed in mono-dominant Norway spruce stands. Treat-
ments were hierarchically designed, which means that each treatment area was adjacent to
an untreated “switch” area and a nearby control area (treatment + switch + control = block)
(Figure 1). Experimental blocks were located at the northern edge of a fresh salvage cut of
trees attacked the previous year, processed by harvester, and removed before the start of
the experiment. The last phase of processing attacked trees took place a few weeks before
the start of the experiment. All investigated trees and surrounding plots had no signs of
beetle attack before the experiment. We kept the distance between the opposite edges of
each clearcut twice as large as the mean stand tree height. The close range of the three areas
was intended to reduce large spatial variability in beetle density, forest edge orientation,
and site and stand conditions typical for severe I. typographus outbreaks [39]. The distance
between experimental blocks was more than 50 m.
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Figure 1. Arrangement of three experimental areas in a block, each with 20 trees in two lines parallel
to stand edge. Total number of treated trees on 10 blocks was 200, for a grand total of 600 trees in the
experimental areas of the study.

In contrast to the original experimental designs for tree protection [21,34], the sug-
gested alternative incorporates a “switch” area in the centre of each experimental block,
serving as a buffer zone between treatment and control areas (Figure 1). This area was
introduced to quantify the bark beetle “switching” behaviour observed in our previous
study of anti-attractants [21], thus extending the scale for the quantification of effects by the
treatment. Each block had three adjacent areas—treatment, switch, and control—with two
rows of adjacent trees in each area and 10 trees per row (total of 20 trees per treatment area)
(Figure 1). Anti-attractants were mounted on the 20 trees growing in the treatment area.
The distance between trees ranged from 1 to 10 m. Untreated trees in the switch and control
areas differed in terms of proximity to the treatment area. The switch area adjacent to the
latter served to capture the potential bark beetle redirection outflux from the treatment area
presumed to be caused by anti-attractant inhibition effects.

According to the experimental design, each treated tree was protected by dispensers
attached to the north side of the trunk. To test for the effects of the attachment height
on tree protection efficiency, we used two dispenser placements (experimental variants):
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In variant A, one dispenser was fixed on the trunk at ~1.2 m height and another one at
8 m height. In variant B, two dispensers were installed at ~1.2 m. In this experiment, we
aimed to optimize the method of anti-attractant application. In contrast to our previous
studies, in which we found that mounting anti-attractants at two heights in mountainous
conditions was time-consuming and challenging [21,34], here, we set out to determine
whether single-height dispenser application, if effective, could substantially reduce the
labour involved in pheromone beetle trapping.

The two dispenser placement variants were, for practical reasons (lack of sufficiently
long forest edges with similar structure), applied in separate 5 + 5 blocks. Each height-
specific variant was implemented on 100 trees, i.e., 20 trees per 5 blocks dedicated to a given
variant. Out of 60 trees growing in each block, 20 trees were treated with anti-attractants
(variant treatment) (Figure 1). The distance between experimental blocks varied from 200 m
to several hundred meters. Variants A and B alternated between blocks.

Four pheromone-baited traps were installed in the salvage cut area 25 m from the
forest edge of each block parallel to the stand. We used black window-slot traps (Ridex Ltd.,
Vrbno Pod Pradědem, Czech Republic). The distance between traps was approximately
15 m. Trees were monitored for signs of bark beetle infestation, and the pheromone traps at
the forest edges were checked at intervals of ~2–7 days depending on the weather (Figure 2).
In the course of the experiment, beetle-infested trees were gradually subjected to sanitary
cutting as part of the conventional local forest management practices implemented in the
experimental blocks.
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Figure 2. Mean cumulated trees attacked per block in treatment areas (baited with anti-attractant
dispensers), “switch areas” (unbaited but adjacent to baited trees), and control areas (unbaited
and separated from treatment) in variants (A) (2 spaced dispensers/tree) and variant (B) (2 joined
dispensers /tree).

2.4. Statistical Analyses

A mixed-effect model was developed to statistically evaluate the tree protection ef-
fects of anti-attractants. The choice of model resulted from the hierarchical experimental
design [40]. In the hierarchical (nested) design, each level of the nested predictor is uniquely
associated with only one level of the higher-level predictor [41]. Since each block contained
either variant A or variant B, this factor was fitted as a fixed effect. The second-level predic-
tors for the purpose of nested analysis (three areas: treatment, switch, and control) were
defined as a “random” component although experimentally, these factors were fixed. The
response variable was the number of trees infested by bark beetles (I. typographus) 3 weeks
after the beginning of the experiment. The dependent variable, represented by counts or
frequencies, was fitted with Poisson distribution, which was corrected for the reduction in
mean errors of estimated coefficients and test statistics due to overdispersion [42].
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Correlation analysis between catches in pheromone traps near the plots and infested
trees on the plots was performed separately for variants A and B for the whole duration
of the experiment. The cumulative number of captured I. typographus individuals on
inspection days was analysed in relation to the total number of infested trees in the area at
the same time. All analyses were conducted in R software [43] using the nlme package [44].

To assess the magnitude of difference in infested trees between experimental areas
and to examine this in relation to the effects of anti-attractants reported in other studies
(i.e., a small meta-review), we performed a formal calculation of effect sizes [45,46].

3. Results

The number of infested trees in each variant increased quickly, with the lines for
variant B (pair of dispensers at 1 m) being slightly steeper (Figure 2). During the whole
experiment, the most attacked trees were located in the switch area regardless of the variant.
A relatively lower number of bark-beetle-infested trees protected by anti-attractants was
observed in variant B. In particular, we observed a relatively high numbers of infested trees
in the treatment area, where the intensity of successful colonization attempts approached
that in the switch area (Figure 2a). By contrast, in variant B, the differences in intensity in
bark-beetle-infested trees between areas were more pronounced during the whole reporting
period. Until 27 April 2018, the increase in the number of infested trees in the area treated
with anti-attractants was the lowest not only in variant B (Figure 2b) but also areas of both
A and B variants. In other words, spruce trees treated with two dispensers installed at
1.2 m were infested least.

In 3 weeks, approximately 30% of the trees were infested. During this period, statisti-
cally significant differences in the number of dead trees were observed, where “switch” ar-
eas had most attacks (Figure 3). However, there were no differences between anti-attractant
treated areas and control areas. Later, large sister-brood swarming started (Figure 4), and
all plots were severely infested. A 30-day swarming period did not lead to any statistically
significant differences in the number of infested trees between experimental variants A
and B (GLMM df = 1; n = 30; p > 0.33; Table 2). Later, large sister-brood swarming started
(Figure 4), and all plots were severely infested.
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Table 2. Analysis of variance of linear mixed-effect model. Dependent variable was numbers of
infested trees, with experimental area as nested factor; LME model-fitting function in nlme package
in R was used. Significance of factors was determined at usual α levels: * α < 0.05 and *** α < 0.

Factors Number of df Denominator df F-Value p-Value

Intercept 1 16 36.3 <0.0001 ***
Variant 1 1 8 1.01 0.328
Expt Area 2 2 16 4.20 0.034 *
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1 Two levels of dispenser placement: either a pair of dispensers at 1 m, or one dispenser at 1 m and the other
one positioned at 8 m above the ground on a tree trunk. 2 Three levels of experimental areas: anti-attractant
(treatment), control, and “switch” in between them (see Figure 1). 3 Interaction term.

The highest number of infested trees was recorded in the switch area (mean 9 trees;
Figure 3), followed by the treatment area (4 trees) and the control area (3 trees). These
area-specific differences in the numbers of infested trees were statistically significant
(GLMM df = 2; n = 30; p < 0.05) (Table 2).

Height of dispenser placement (variants A and B) and experimental area showed no
interaction in terms of mean number of infested trees by the nested model (GLMM df = 2;
n = 30; p > 0.61) (Table 2). In other words, dispenser placement similarly affected infestations
in the three areas. A significant correlation between the number of infested trees in the
area and catches in pheromone traps in both variants was found (correlation coefficients:
0.62 for variant A and 0.70 for variant B) (Figure 5).

The differences of infestation in experimental areas were of a large magnitude
(d > 1) when comparing switch to control in both A and B variants (Table 3, rows 2 and 4).
In contrast, there was no reduction in attacks in treatment compared to control (Table 3,
rows 1 and 3).
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Table 3. Effect size dependency of height-specific dispenser placement (variants A and B) and area
(treatment, switch, control) on mean number of trees infested by spruce bark beetle 1 month after
initiation of experiment and effect sizes estimated from 32 other studies (2000–2012) and later studies.

Trmt
Nr

Test Data
(Treatments) 2

Test
Mean Test SD Test n Control

Mean
Control

SD
Control

n
∆

Mean
ES *
(d)

Species 1

(Plot Area, ha) Study

“A” = ‘1 + 8 m’

1 A Trmt vs. Ctrl 5.0 7.0 5 2.4 3.3 5 2.6 0.5 ITYP This study
2 A Switch vs. Ctrl 7.4 6.2 5 2.4 3.3 5 5.0 1.1 ITYP This study

“B” = ‘2 × 1 m’

3 B Trmt vs. Ctrl 4.8 3.6 5 5.2 4.3 5 −0.4 −0.1 ITYP This study
4 B Switch vs. Ctrl 11.0 2.7 5 5.2 4.3 5 5.8 1.6 ITYP This study

5 Mean of 32 studies
(Trmt vs. Ctrl) −1.0 ITYP and MPB [16]

6 SPLAT Vn 1.5 2.1 5 7.9 5.5 5 −6.4 −1.7 MPB (0.4) [47]
7 Vn 7g pouch 1.9 2.0 5 7.9 5.5 5 −6.0 −1.6 MPB (0.4) [47]

8 MCH alone 2.2 0.8 3 −0.4 SB (0.6) [48]

9 MCH 53% 31% 3 97% 5.2% 3 −44% −2.4 SB [48]
10 AKB 47% 31% 3 97% 5.2% 3 −50% −2.8 SB [48]
11 MCH&AKB 0% 0% 3 97% 5.2% 3 −97% −37 SB [48]

12 SPLAT MCH 0.09 0.25 10 0.59 0.35 10 −0.50 −1.7 DFB (0.04) [49]
13 MCH Bubble Cap 0.16 0.29 10 0.59 0.35 10 −0.43 −1.3 DFB (0.04) [49]

14 SPLAT MCH 29.3% 7.1% 6 45.6% 19.1% 6 −16% −1.2 DFB (0.4) [49]
15 MCH Bubble Cap 18.6% 9.3% 6 45.6% 19.1% 6 −27% −1.9 DFB (0.4) [49]

16 Vn Plus 2.8 2.0 6 12.7 8.7 6 −9.9 −1.9 WPB [47]

* Effect size scales differences between mean values of control and treatments pairs by dividing of their pooled
SDs [45]. Negative values indicate less infested trees in treated areas. 1 ITYP, Ips typographus; MPB, mountain
pine beetle; SB, spruce beetle; DFB, Douglas fir beetle (all except ITYP are Dendroctonus spp. from the Nearctic).
2 Treatments chemicals abbreviations: Vn, verbenone; AKB NHV from Aspen; Vn Plus, Vn + NHV

4. Discussion

The main result of the experiment is that the effect of a switch of beetle attacks caused
mortality from the anti-attractant-treated area to the adjacent switch area, which at the end
underwent more attacks. Placing two anti-attractant dispensers at two heights or at one
height produced similar anti-attractant effects. In terms of attacks switching within the
blocks, there was no difference between the anti-attractant-treated area and the control area
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located farther away. Thus, the treatment did not prove to be efficient at protecting spruce
trees during the whole study period.

4.1. Experimental Results and “Switch” Effect

The experimental design was an area of blocks with three adjacent areas: treatment,
switch, and control. In similar experiments in the past, a system of only treatment and
control areas was used [21,34]. Our results confirm a strong switch effect, i.e., the effect
of pushing beetle attacks outside the treated areas, which was first described in [21].
Pheromone traps were installed parallel to all experimental blocks (Figure 1), and there
were very high I. typographus catches (Figure 4). This means we cannot be sure what the
results would be if we used traps only in sections treated with anti-attractants.

The spillover effect, as observed in [18] during push-and-pull experiments with
D. pseudotsuagae, could be responsible for the infestation of trees growing in the switch and
control areas. The presence of pheromone-baited traps nearby could have drawn dispers-
ing adult beetles to the study area. However, uncertainty about the source of attacking
bark beetles prevents us from drawing an unequivocal conclusion since the insects might
have flown from places other than anti-attractant areas before attempting colonization on
trees located in the switch zone. Anti-aggregation pheromones or anti-attractants signal
to dispersing beetles that a tree is fully occupied and that they should search for another
host. This does not necessarily mean that they are more likely to colonize individual trees
adjacent to treated areas. Nevertheless, experiments in Sweden [21] and our pilot experi-
ments in the Moscow region showed the presence of a switch effect even in the absence of
pheromone traps in treated areas.

The current system of using three experimental areas for evaluation may be a more
appropriate way to describe the process than the simpler pair of plots (treatment and con-
trol). Another possible solution would be to use treated areas and geographical coordinates
of infested trees at the patch, habitat, and landscape scale, as done in the later part of
the study mentioned above [21]. The level of development of GIS and RM technology
nowadays may allow the application of a more elaborate evaluation more conveniently
than before. The switch effect could potentially be a problem for practical application of
anti-attractants, as mentioned in [21]. Pushing beetles outside treated areas, thus leaving
the problem to neighbours, is not desirable. However, in a pilot application on a larger
scale [35], the switch effect was not observed. Potential problems could be solved by
appropriately locating the protected area (line). In the case of American bark beetles, two
strategies have been applied that could possibly eliminate the switch effect: (1) uniform
spraying with small dispensers [49,50] and (2) deploying fewer but stronger dispensers
arranged in a grid [51]. The grid design was also used for I. typographus in forest damaged
by severe salvage cutting, with no observable switch effect [33].

The differences in efficacy between the two anti-attractant application variants are not
statistically significant. The results show a visible trend towards the greater efficiency of
variant B (installation at one height). If further attempts confirm this result, it would be
appropriate to apply anti-attractants at one height. In addition, based on our current knowl-
edge, it is appropriate to use the practically more convenient variant B. Such application
would significantly reduce the labour involved. However, the result would only be valid
for the spring swarming, as studied here. Previous work [33] showed low effectiveness of
anti-attractants in the summer. All successful applications of anti-attractants took place in
mountain or boreal conditions during spring swarming [21,34]. We do not have sufficient
data to determine the effectiveness in the summer swarming period.

4.2. Effect of Drought and High Bark Beetle Population

The results do not show statistically significant differences between treated and control
parts of the forest edges. In previous experiments where treatment areas had significantly
fewer attacked trees, switch areas were not used [21,34]. On the other hand, those studies
were performed in different conditions, and for Norway spruce close to a natural forest (NP
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Šumava, Czech Republic; TANAP, Slovakia; and Spiš, Slovakia), a strong switch effect was
not observed. The switch effect was first observed in an experiment in Småland (Sweden)
production forest [21]. The concept of a push-and-pull system assumes that bark beetle
populations disperse among host trees at an attack density below the threshold required to
successfully overcome the host defence [18]. The observed very strong switch effect and low
efficiency of treatment may have been caused by a very large population of I. typographus
in experimental locations, as shown in Table 1 and Figure 5. In addition, spruce defence
was diminished by long-term drought and a climatically extreme drought in 2018 [2].

4.3. Effect of Pheromone Traps and Push-Pull System

A correlation between the number of infested trees in the area and catches in pheromone
traps in both variants (Figure 5) was expected and is in agreement with previous works [52,53].
The relatively high tree mortality (Table 1) and switch effect (Figure 3) could also be ex-
plained by the effect of limited pheromone trap barriers used at landscape scale (no other
intensive use of pheromone traps). The four traps used in our experimental blocks could
attract beetles from a larger area under heavy outbreak conditions, as described in [11].
When the use of pheromone traps on I. typographus was successful, large numbers of traps
were used [7,54]. Thus, our experimental design (Figure 1) and landscape conditions may
not have allowed us to fully assess the impact of pheromone traps in a potential push-pull
system. Future experiments performed at plots with medium or low bark beetle population
density should investigate the effects of the push-pull system on pheromone trap catches
prior to tree infestation. Gillette et al. [20] showed that in the case of a push-and-pull
system for Dendroctonus ponderosae, the use of anti-attractants did not influence the catches
in pheromone traps. They also found no differences between only push and push-pull
systems. This is an opposite result to the theoretic assumption of the push-pull effect
described in [55]. Other studies using a push-and-pull system for Dendroctonus ponderosae
used baited traps on trees instead of pheromone traps. In [56], a stronger effect of verbenone
application and a relatively small effect of baited trap trees was reported. It seems that the
effect of a combination of pheromone traps and anti-attractants is not clear. In the case of
I. typographus outbreaks with less intensive use of pheromone traps, we should test the use
of only anti-attractants without nearby pheromone traps. Vandygriff et al. [57] showed that
treatment with anti-attractants provided little or no additional protection when compared
with the use of baited trees only. Positive results from the use a push-and-pull system were
shown in [58].

4.4. Limitations of the Study

The time and number of infested trees removed from the treatment, switch, and
control areas were not recorded. Unfortunately, in the case of large bark beetle outbreak
and the associated logistic pressure of salvage cutting, it is impossible to arrange for the
cutting of attacked trees on experimental plots just after attack. Sanitary cutting could
potentially affect the clarity of the experiment since the total amount and spatial distribution
of anti-attractant emission would be modified by the removal of trees carrying dispensers.
Nevertheless, a phased pattern of sanitary cutting provided enough time to complete the
experiment within the scheduled timeframe, which coincided with the first peak period
(spring flight) of beetle colonization activity. By the end of 2018, the study area was
severely disturbed forest, with almost all mature spruce stands killed or fragmented by
beetle attacks.

Another limitation of the study is that we used data from the first 3 weeks for statistical
analysis rather than from the entire experimental period. Later, statistical analysis did not
show any significant results. This may have been caused by a large effect of sister-brood
swarming or by different periods of removing attacked trees from experimental sites by
salvage cutting. The limited length of the experimental forest edges at hand prevented us
from investigating the switch effect on both sides of the treated plots.
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4.5. Research Needs

Anti-attractants are still not in operational use for the protection of spruce stands
against I. typographus. A review of 32 experiments published up to 2011 indicated that anti-
attractants were similarly active in tree protection for both I. typographus and D. ponderosae,
with an effect size (Cohen’s d) of around −1 or one standard deviation lower tree kill
in treatment compared to control (Table 3, row 5) [16]; a similar value was found in a
later 7-year extensive study [59]. There was a large variation between studies and years;
however, one important factor might have been the switching effect with high beetle
populations [60]. Comparing the largest effect sizes (around −1 in studies of 2000–2011;
Table 3, row 5) [16] to those of recent studies in North America (2015–2020), in many cases,
they are largely similar (Table 3, rows 6 and 17). Interestingly, the recent successful papers
include three additional species of Dendroctonus and not only D. ponderosae [47–49,61].
The development of dispensers [47,49] as well as the development of blends, such as the
addition of NHV compounds to verbenone, may provide good [47] or even dramatic [48]
improvement of protection effects. Another way would be more intensive use of cineol,
which has more precise action over distances [26,27], and thujanol, which has a stronger
effect on females [31] in comparison to verbenone.

For I. typographus, at the current stage of development, anti-attractants could be used to
protect spruce stands early in the season near known attack spots when beetles are leaving
their overwintering sites, and their dispersal is limited by lower temperatures and shorter
day length [21]. Anti-attractants are ineffective at stand edge segments that are either
damaged by freshly windthrown or broken trees or wedged between windthrown areas [35].
Our result indicates that anti-attractants are not effective in helping to protect forest stands
in areas heavily affected by drought and extremely high bark beetle populations. We would
recommend their use as part of a push-pull system or as part of a more complex system
of bark beetle management in natural mountain or boreal spruce forests at active (fresh)
forest edges not affected by wind damage with low or medium bark beetle populations in
the spring.

In order to improve push-pull methods of spruce stand protection for I. typographus,
we should act in the following ways:

1. Increase the effectiveness of anti-attractant lures (by incorporating newer compounds
that cause less switching [26,27,31] or, better, longer-lasting dispensers);

2. Optimize the spatial layout by not placing anti-attractants on all trees and only
applying them at lower height;

3. Optimize the area of anti-attractant application by using spatial tools (tree health
diagnostics, remote sensing, and GIS) and methods on the scale from sniffer dogs [62]
to UAVs to satellites;

4. Test the possibility of increasing the effectiveness of anti-attractants in summer conditions;
5. Test the possibility of using anti-attractants in areas with intensive use of mass trap-

ping or pheromone trap barriers (push-pull effect) and in areas without them (only
anti-attractants).

5. Conclusions

The main result of the experiment is the high damage to the second experimental area,
i.e., that in between pure treatment and control, confirming the switching effect of beetle
attacks adjacent to treated areas. It is possible to use anti-attractant dispensers at only one
low height, which would reduce labour costs. The use of anti-attractants is not effective in
areas affected by severe drought and extremely high bark beetle populations.
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