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ABSTRACT

Global forest decline has accelerated as a result of climate change's increasing sensitivity to forest
ecosystems. Bark beetle outbreaks have grown to be a serious biotic hazard over the last century,
resulting in extensive tree death. None of the management techniques intended to lower tree
mortality and mitigate bark beetle populations have been successful. Furthermore, altered
disturbance regimes, driven by a changing climate, have facilitated successful bark beetle attacks,
characterized by shorter and multivoltine life cycles. This has resulted in more frequent tree
mortality attributed to bark beetles. This paper looks at the dynamics of bark beetle populations in
relation to forest stand dynamics, climate change, and different forest management techniques.
These varied, cutting-edge approaches have the potential to successfully handle the difficulties of
controlling bark beetles and enhancing forest health in reaction to climate change.
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INTRODUCTION

A change in the climate over the last few
decades has made strong windstorms and
droughts more frequent, which has
encouraged the formation and spread of
insect epidemics. Bark beetles are found all
over the world, and in the Northern

Hemisphere, several species are responsible
for the widespread death of important tree
species. For instance, by breaking down dead
and dying trees, the Eurasian spruce bark
beetle (Ips typographus, L.) contributes
significantly to forest succession and nutrient
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recycling. However, they can cause extensive
forest death once their population density
reaches epidemic proportions. Beyond their
effects on the economy, these outbreaks have
disrupted nutrient cycle and forest
succession, transforming forests from carbon
sinks to sources [1-6]. As the primary host for
bark beetle and a major tree species in
Eurasian boreal forests, Norway spruce
(Picea abies) is highly vulnerable to rising
temperatures. From 1970 to 2010, frequent
drought events and heatwaves led to
unprecedented Norway spruce mortality,
resulting in an average annual loss of up to 14
million m3, with a staggering 118 million m3
lost in 2019 alone. Furthermore, its primary
pest, bark beetle, has benefited from warming
temperatures, which has accelerated and
extended brood development and led to
earlier swarming. The two main goals of bark
beetle management are containment and
prevention. By removing infected trees, using
traps, and clearing fallen trees, prevention
tactics seek to maintain beetle populations at
low levels. at order to stop or slow the spread
of outbreaks, containment measures include
salvage and sanitation logging at or near
disease areas. However, the efficacy of
present management techniques is sometimes
questioned because they are frequently
insufficient. Therefore, it is critical to
investigate novel approaches to bark beetle
control that make use of methods developed
from functional genomics [7-11]. The
usefulness and effectiveness of such
molecular methods for controlling bark
beetles are highlighted in this paper. These
molecular techniques are designed to target
particular species, in contrast to many
traditional pest management strategies.
However, more research and functional
validation are needed for bark beetle
management [12-15].

There are still a lot of unanswered questions
about the primary causes of bark beetle
outbreak dynamics and effective

management techniques, even after a century
of intensive research on the insect.
Furthermore, the latest developments in bark
beetle control methods are not well
explained. Here, we give a quick summary of
bark beetle ecology and population dynamics
and talk about the main causes of outbreaks
in light of climate change. We talk about
various species of eruptive bark beetles while
concentrating on bark beetle. We first
investigate how temperature regimes impact
bark beetle activity, how droughts and water
stress impact host tree physiology and vigor,
and how changes in forest structure impact
initial host colonization and spread. We
analyze current management approaches and
their efficacy in protecting forests, and we
suggest  cutting-edge = molecular-based
approaches to address new challenges that
could guide future forest management
practices in the Anthropocene.

The bark beetle is a relatively small insect
(4.5-5 mm) that exhibits sexual dimorphism.
This species is typically univoltine
(producing one generation per year) but can
become polyvoltine (producing more than
two generations per year) in response to
warm temperatures, which accelerate
development [16-20]. During its endemic
phase, bark beetle infests mature trees that are
already stressed and weakened by various
biotic or abiotic factors such as high
temperatures, drought, disease, or herbivory.
These beetles are associated with a variety of
microbial symbionts, including bacteria and
ophiostomoid fungi, which play a significant
role in overcoming tree defenses. After then,
they scatter, moving anywhere from 100
meters to tens of kilometers in quest of an
appropriate host tree. Bark beetles and host
trees typically have complex interactions that
are shaped by a variety of factors at different
temporal and geographical scales. Density-
dependent host colonization behavior is also
displayed by bark beetle. Beetle populations
depend on wind-thrown, dead, or weakened
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trees during the endemic period. They do,
however, infect healthy trees during the
epidemic phase. We shall go over these
elements in relation to the population
dynamics of bark beetle [21-24].

THE CURRENT AND POTENTIAL
FUTURE MANAGEMENT PRACTICES
A variety of techniques are used in bark
beetle management tactics. Usually, wind
thrown trees and those freshly afflicted with
bark beetle are removed first. While
techniques like remote sensing and canine
detection are used for early detection and
minimizing attack damage, anti-attractants or
trap trees are frequently used to reduce beetle
populations. Additionally, the use of
contemporary molecular technologies to
manage forest pests is being researched. This
section will cover cutting-edge molecular
techniques (Sterile Insect Technique (SIT),
Clustered Regularly Interspaced Short
Palindromic Repeats/Cas9 (CRISPR/Cas9),
and RNA interference (RNA1i)), as well as
conventional approaches (salvage and
sanitation harvesting, pheromone or trap-tree
use, short-rotation forestry) [25-27].
Optimizing Forest Composition

Rapid population and economic growth are
placing increasing pressure on forests to supply
wood and related products. Consequently, vast
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areas globally are being cleared and converted
into plantation forests to meet this demand. The
intended purposes of plantation forests vary, and
species are chosen accordingly. Monocultures,
which emerged in Europe during the 18th and
19th centuries to address timber scarcity and
achieve high-quality products, are a common
example. For instance, Norway spruce, known
for its rapid growth and favorable timber
characteristics, was extensively harvested across
much of Europe [28-34]. However, frequent
drought events now threaten these harvesting
plantations. A significant increase in spruce
mortality in Europe between 1970 and 2019 was
partly attributed to frequent droughts and
heatwaves. Alterations in forest structure and
composition accounted for approximately half
of the documented increase in bark beetle
outbreaks during this period. Furthermore,
monocultures compromise essential ecosystem
services such as carbon sequestration, water
regulation, and habitat provision. This is because
a greater number of species with diverse
functional traits can collectively contribute to a
wider range of ecological functions. Beyond the
deliberate cultivation of Norway spruce outside
its native range, increased growing stocks and
altered age-class distributions have also
significantly heightened the susceptibility of
spruce forests to bark beetle attacks.

Genetic
Approaches

Biological
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Figure 1: Strategies for bark beetle management.
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In response to monoculture forest diebacks,
increasing tree diversity and age classes has
been tested and recommended to enhance forest
resilience  against biotic and  abiotic
disturbances. Empirical evidence strongly
suggests that planting multiple species offers
numerous environmental, economic, and social
benefits. Careful selection of species in mixed
plantations can promote complementary
structural and functional traits, making mixed
plantations a more favorable strategy than
monocultures. Improved canopy coverage,
which lowers solar radiation reaching the forest
floor and may lessen ground-level evaporation,
is another benefit of including trees of different
age classes in mixed forests [35-41]. There are
two primary reasons for the claim that
promoting tree species diversity reduces the
likelihood of bark beetle infestation. First, as
was mentioned, mixed forests are more resilient
to storm damage and windthrow, two major
causes of bark beetle epidemics. Furthermore, a
wide variety of tree species support a number of
bark beetle natural enemies, such as parasitoids,
diseases, and predators, which reduce bark
beetle populations. Second, bark beetles rely on
multiple  cues—olfactory, gustatory, and
visual—for host selection, enabling them to
discriminate, for instance, defensively
compromised trees. However, in mixed forests,
these cues may be masked by diverse volatile
emissions from non-host trees during host
selection. These data highlight how crucial
species richness is for reducing bark beetle
infestation. However, even when the percentage
of host plants in the stand is less than 40%, the
richness of tree species simply suppresses bark
beetle outbreaks, not prevents them. To
completely understand the impact of non-host
volatiles on beetle infestation dynamics, more
data from field research using choice bioassays
are still required [42-46].

Reduction of Rotation Periods

Norway spruce forests in many European
regions often have rotation periods exceeding
100 years. This results in extensive forest

areas that are particularly vulnerable to
disturbances from wind and bark beetles. For
instance, in Slovakia, less than a quarter of
Norway spruce trees reached 100 years of age
between 1998 and 2009. Due to these
vulnerabilities, shortening rotation periods
can be an effective adaptation strategy
against increasing bark beetle pressures. The
optimal rotation period varies based on the
forest management system, site productivity,
and species mix. Therefore, forest managers
should determine the appropriate rotation
length considering regional conditions.
However, reducing the rotation period might
also decrease biodiversity and the amount of
carbon stored in forests [47-53].

Early Detection

Detection Dogs

A successful forest protection strategy
requires the rapid detection of bark beetle
infestations and the removal of recently
infested trees. However, human detection
typically necessitates close inspection (< 1 m)
of trees, which is time-consuming, costly,
and not always feasible. Consequently, aerial
detection of infested trees usually occurs 2—-3
months after an infestation, once tree crown
color fades and bark begins to fall off. By this
point, most bark beetles have already
departed the infested trees and may have
targeted healthy ones [54-58]. Trained
detection dogs offer an effective alternative
for locating infested trees. Their primary
advantages are an incredible sense of smell
and the ability to rapidly cover large areas.
Reports indicate that trained sniffer dogs can
locate infested trees up to 150 meters away.
This capability extends the window for
finding and removing infested trees,
potentially preventing larger infestations
from developing. A limitation, however, is
that detection dogs are not suitable for very
large or remote areas.

Remote Sensing of Forests

In huge, inaccessible areas, it is still difficult
to collect accurate and up-to-date spatial data
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on bark beetle infestations. Research groups
in North America and Europe have recently
concentrated on spatiotemporal assessments
of the dynamics of bark beetle populations.
Forest managers will probably have to deal
with frequent and large infestations, which
calls for effective instruments for quick and
accurate evaluation of the dynamics and
spread of insect outbreaks. Planning
protective and hygienic measures (e.g.,
pheromone or tree trapping) to restrict or
limit epidemic intensity requires accurate,
current spatial information on bark beetle
outbreaks, such as the locations of dead trees.
Forest structure plays a major role in
identifying and mapping tree death brought
on by bark beetle outbreaks. For example, it
is quite easy to identify and track forest
stands that are exclusively made up of
coniferous host species. Since bark beetles
mostly target trees that are next to those that
have already died, new dead trees in these
stands wusually emerge in big, obvious
clusters. However, in mixed forest systems,
which are mosaics of different stands with
mixed tree species where typical host species
occur in smaller, dispersed groups or as
individual trees, identifying individual
diseased trees becomes more challenging. It
can be difficult to identify individual affected
trees under these circumstances, and since
fieldwork is expensive, remote sensing (RS)
techniques provide a useful substitute and
addition to field surveys [59-61]. Insect
outbreaks and other forest disturbances have
been successfully mapped using
multispectral aerial and satellite data in
conjunction with artificial intelligence and
machine learning. For instance, at the start of
the growth season, before new attacks,
Enhanced Vegetation Index (EVI) and
Visible Atmospherically Resistant Index
(VARI) imaging showed notable spectral
variations between healthy and stressed trees
(e.g., due to dryness). These findings
demonstrate the potential for early pest

detection and forest ecosystem management
using spectral vegetation indices (SVIs)
obtained from high-resolution multispectral
photography.

To estimate tree health characteristics, we
can use a variety of RS data and sources.
Sensor technologies based on satellites or
airplanes (such as unmanned aerial vehicles)
are commonly used in remote sensing. Both
active (like LIDAR) and passive (like multi-
and hyperspectral sensors) sensors can be
utilized in forestry, especially for analyzing
the spectral characteristics of trees. The latest
techniques for utilizing, processing, and
evaluating RS in identifying tree propensity
incorporate multitemporal GIS analysis
based on hyperspectral and airborne laser
scanning data along with sensor data. In order
to identify significant forest disturbances in
bark beetle outbreak areas and dead trees in
the red and grey attack stages, hyperspectral
and aerial laser scanning data are frequently
utilized. About six to eight months after the
infestation begins, infected trees start to show
signs of a color shift in their foliage. The
progressive loss of moisture and the
breakdown of pigments within the foliage are
the causes of this change in the crown from
green to yellow to red. The "red-attack" and
"grey-attack" phases are the names given to
these discrete stages of color shift. We may
better understand the dynamics of bark beetle
outbreaks by analyzing red and grey attack
data. By adding more information, such as
environmental parameters (temperature,
wind speed, precipitation), we can identify
the most important causes of these outbreaks.
The output data accessible for analysis,
particularly from prominent dominating trees
in the first forest layer, limits the capacity to
identify  all  attacked  trees.  The
misidentification of dead trees as living ones
because of reflection from lower forest layers
presents another difficulty. Similarly, the
availability of ground truth data is necessary
for the early detection of trees afflicted by
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bark beetles. However, gathering ground
truth data is frequently time-consuming and
limited to locations that field teams can reach.
Additionally, because of changes in the foliar
color of spruce trees at the start of the season,
early-attacked trees are challenging to detect
with remote sensing when surrounding
stressed plants are present. The amount of
processing power needed to analyze
enormous amounts of data is another
drawback.

Pheromone Traps

Various trapping techniques, including
sanitation felling and removal of windthrown
trees, have been widely employed in bark
beetle management. Pheromone traps are used
to monitor beetle populations or to reduce
their numbers below outbreak density through
mass-trapping. This  approach utilizes
pheromone trap barriers to lower the bark
beetle population to a level where trees can
successfully defend against attacks. To attract
beetles, trapping methods include employing
log traps or trap trees baited with pheromones
or host substances unique to the species.
Beetles can be removed by removing the
infected trees or logs or by using insecticides
once they have been attracted. However, there
is little scientific proof that trap trees can
successfully lower beetle populations or the
amount of trees that are attacked. Research on
the effectiveness of trapping methods,
especially in large-scale applications, in
lowering epidemic risks and damage rates is
also lacking. While pheromone traps typically
capture only 3—10% of beetle populations at a
relatively high cost, integrating pheromone
trap barriers into a forest protection system can
significantly reduce tree mortality. Despite
this, the relatively high labor costs have led to
the discontinuation of pheromone trap use in
Scandinavia and most parts of Germany and
France. The "spillover effect,” in which
commercial pheromones draw more beetles
than the traps can manage, further restricts the
use of pheromone traps for mass trapping by

causing assaults on nearby trees. Therefore,
rather than population reduction and outbreak
control, the major goal of such traps should
continue to be population monitoring. With
novel attractant mixes, pheromone trap
barriers could be further improved.
Anti-Attractants

Anti-attractants are semiochemicals that
disrupt pest host-finding behavior by emitting
repelling signals or masking attractive host
signals. This protects trees from pest
colonization. For bark beetle, several anti-
attractant compounds have been identified.
Verbenone, derived from the host compound
a-pinene or converted from bark beetle main
pheromone component cis-verbenol, is a
notable example. A second group consists of
non-host volatiles (NHVs), including: trans-
conophthorin, a synergistic compound found
in broad-leaf tree bark; Green leaf volatiles
(GLVs) like 1-hexanol, (Z)-3-hexen-1-ol, and
I-2-hexen-1-ol, detected in non-host birch and
aspen (Populus tremula); and C8 alcohols (3-
octanol; 1-octen-3-ol), emitted from the bark
of these species. Despite these advances, anti-
attractants have not successfully prevented
bark beetle attacks, including those by bark
beetle, on logs or fallen trees. Currently, the
most promising defense for standing spruce
trees against bark beetle involves dispensers
containing a blend of verbenone and NHV
compounds. A recent study observed a strong
"switching effect," where beetles were pushed
from areas with anti-attractants into
unprotected areas [62-64]. Additionally, there
was no change in the performance of anti-
attractant dispensers installed at different tree
heights, indicating that they are useless in
regions that are severely impacted by drought
and high bark beetle populations. It's
interesting to note that (+)-trans-4-thujanol
repelled female bark beetle just as successfully
as well-known anti-attractants as verbenone
and 1,8-cineole, making it a novel compound
for forest preservation. The push-pull
technique, which combines appealing and
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repellent semiochemicals, can lower bark
beetle and Dendroctonus populations by 66%
and 54%, respectively, in comparison to
controls, according to a recent meta-analysis.
Genetic Approaches

Genetic Information

Rapid climate change has led to an increase
in the frequency and intensity of drought
events in forests globally. Trees can adapt to
these new disturbance regimes at a local,
genetic level, with significant selection
pressure favoring tolerant phenotypes. For
instance, Norway spruce responds to shade
by increasing lignin synthesis and expressing
defense-related genes, which may enhance its
resistance to pest attacks. Heat shock
proteins, catalase enzymes, signaling factors
(transcription factors and protein kinases),
and heat stress factors are all involved in
trees' reactions to heat stress. On the other
hand, dehydration responsive element
binding proteins shield trees from osmotic
stress, whereas ascorbate peroxidase and
histidine kinases reduce reactive oxygen
species under heat stress. Stomatal closure
and cuticular wax on needle surfaces can
minimize water loss, according to conifer
studies that look at spatial and differential
gene expression. In comparison to irrigated
saplings, cuticular wax and the genes
involved in its synthesis were found to be
overexpressed in non-irrigated maritime pine
(Pinus pinaster) and Norway spruce saplings
[65, 66]. With advancements in molecular
techniques and high-throughput sequencing,
molecular tools for pest management,
particularly gene targeting, have become
widely popular. Since the identification of the
cry gene in the 1980s—one of the first unique
genes used in genetically modified (GM)
crops to combat insect pests—various genes
have been employed in agricultural pest
management. However, these advancements
are still in their early stages for forest
applications, limited by factors such as tree
size, density, and the challenges of stand-

level application. As a result, research turned
to genetic alterations at the insect level,
resulting in methods such as the sterile insect
technique, CRISPR and RNA interference
(RNAi) gene silencing, and other pre- and
post-translation level modifications.
Breeding bark  beetle-resistant  trees,
diagnosing tree health issues, and protecting
forests can all benefit from the identification
of genetic markers for tree resistance.
CRISPR/Cas9

Clustered regularly interspaced short
palindromic repeats/Cas9 (CRISPR/Cas9) is
a groundbreaking genome editing tool that
has been widely utilized in numerous studies.
This gene editing technology allows for the
alteration of an organism's DNA. In the
CRISPR/Cas system, CRISPR refers to DNA
sequences found in prokaryotic organisms
(e.g., bacteria and archaea), while Cas9 is an
enzyme that uses these CRISPR sequences as
a guide to locate and cleave specific DNA
strands. By attaching to and cleaving the
target DNA, the Cas9 enzyme deactivates the
targeted gene. This process, known as gene
"knock-out," is a reliable method for
identifying genes of interest or gaining
deeper insights into genome complexities.
CRISPR is considered a more intuitive and
user friendly technology because it requires
only a single guide RNA (gRNA) for target
identification and the Cas9 nuclease for
implementation. A common derivative
employs a single chimeric guide RNA
(sgRNA) to recognize and bind to the
intended target sequence, alongside a
CRISPR-associated (Cas) nuclease that
cleaves DNA at specific locations by creating
site-specific double-strand breaks. Plasmid
DNA, RNA, or ribonucleoprotein complexes
(RNPCs) are some of the delivery methods
that can be used to introduce the CRISPR/Cas
components (sgRNA and Cas9 protein) into
the target organism. The capacity of
CRISPR/Cas9 to cause long lasting and
heritable genomic changes gives it an
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advantage over RNA interference (RNA1),
which usually only has temporary effects
unless a steady supply of double-stranded
RNA (dsRNA) is maintained. Although
CRISPR technology has the potential to
completely transform pest management, it is
crucial to carefully weigh its benefits and
drawbacks. The red flour beetle (Tribolium
castaneum) and the Colorado potato beetle
(Leptinotarsa decemlineata) are the only
coleopteran insects where CRISPR/Cas9 has
been used, despite the fact that it has been
applied to a variety of insect species [66, 67].
RNA Interference

By interfering with mRNA breakdown and
protein  synthesis, insects use RNA
interference (RNAi), a conserved biological
mechanism, to decrease gene function. Short
RNA molecules are used in this process to
target and break down particular messenger
RNA (mRNA) sequences, stopping the
synthesis of the proteins those genes encode.
Insects eventually die when genes essential to
their existence are silenced. MicroRNA
(miRNA), piwiRNA (piRNA), and small
interfering RNA (siRNA) are the three
different RNA interference processes that
have been discovered. For controlling insect
pests, the siRNA pathway has received the
greatest attention. The siRNA machinery is
activated when double-stranded RNA
(dsRNA) is successfully delivered into a cell.
The enzyme Dicer-2 (ribonuclease type III)
then converts the dsRNA into siRNAs
(approximately 21-24 base pairs), which are
subsequently integrated into the RNA-
induced silencing complex  (RISC).
Argonaute2 eventually cleaves and removes
the sense strand of the siRNA. The remaining
antisense strand then guides the RISC to
target and degrade complementary mRNA
sequences, leading to post-transcriptional
gene silencing. This sequence-specific RNAi
mechanism can be leveraged to effectively
target vital genes in insects, including bark

beetles, offering a promising avenue for pest
management.

Biological Control Agents

Natural Enemies

Biological control aims to suppress insect
pests by introducing naturally occurring
antagonists, providing sustainable and
ecofriendly pest management. Natural
enemies such as predators, parasites, and
parasitoids  significantly influence the
population dynamics and ecology of bark
beetles. A wide array of antagonists target
bark beetles, including those from the orders
Hymenoptera, Coleoptera (beetles), Diptera
(flies), Heteroptera (true bugs),
Raphidioptera  (snakeflies), and Acari
(mites). Predators of bark beetles are very
varied and can eat them at any stage of life,
from eggs to adults, which has a big effect on
population dynamics. Only a small number of
predator species actively hunt eggs, larvae,
pupae, and/or adults, despite the fact that
many predator species are linked to bark
beetle galleries. The majority of predators
that hunt bark beetles are members of the
Coleoptera order, which includes
Rhizophagidae, Trogossitidae, and Cleridae.
The checkered beetles (Cleridae) are the most
prominent coleopteran predators of bark
beetles. Thanasimus dubius (F.) from North
America and Thanasimus formicarius (L.)
from Europe are two early-season predatory
species that belong to this tiny family. Shortly
after bark beetles arrive at afflicted trees,
clerid beetles feed directly on the surface of
the bark.

One of the most researched predators of bark
beetle is Thanasimus formicarius. While
larvae can eat up to 50 bark beetle larvae
during their growth, females lay about 100
eggs, and adults can eat up to three bark
beetles daily. Trogossitids are thought to be
more specialized predators than clerid
beetles, which are often regarded as
generalist predators. Temnochila virescens,
for example, predominantly reacts to
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attractants produced by Ips species, and its
larvae feed on the pupae and larvae of bark
beetles in the phloem of the tree. On the other
hand, adult Temnochila species eat adults of
different  species of bark beetles.
Additionally, the dynamics of bark beetle
populations are significantly influenced by
parasitoids. Usually, parasitoids favor a
certain stage of their host's development. The
order Hymenoptera, which includes
Braconidae and Pteromalidae, is home to the
majority of parasitoids linked to Scolytids.
Each parasitoid larva usually eats one beetle
larva or pupa, and they can attack bark beetles
at different phases of development. Coeliodes
bostrichorum, which seems to be only
connected to bark beetle species that nest in
Norway spruce, is the most successful
parasitoid of bark beetle [68-70]. Potential
enemies of bark beetle include wasps, ants,
birds, shrews, mites, and infections like
viruses and microsporidia. However, more
research is needed to determine how they
affect the dynamics of bark beetle
populations.

Sterile Insect Technique

The sterile insect technique (SIT) involves
releasing a large number of sterile male insects
into a target area. These males mate with wild
females, producing non-viable offspring and
subsequently lowering pest population
densities in the next generation. When sex
differentiation is impossible, releasing both
sterile sexes can enhance the procedure's
success and help maintain pest populations
below epidemic thresholds. SIT relies on
irradiating insects using gamma radiation
from isotopic elements (cobalt-60 or cesium-
137), high energy electrons, and X-rays [70,
71]. Precise management of the radiation dose
is crucial to sterilize reproductive cells
effectively while ensuring the insects remain
viable enough to compete for mates. Radiation
can damage insect sex cells by causing
chromosome fragmentation (dominant lethal
mutation, translocations, and/or chromosomal

aberrations), leading to unbalanced gametes.
The development of fertilized eggs and
embryos is hampered by this mechanism,
which also prevents mitosis. Higher dosages
of gamma radiation shorten the lifetime of
both sexes, according to studies on two
lepidopteran pests (Ostrinia nubilalis and
Phyllocnistis ~ citrella), while F1 larval
emergence was biased towards males.
Agricultural insect pests like the pepper
weevil (Anthonomus eugenii), sweet potato
weevil (Cylas formicarius), and bark beetle
have demonstrated the efficacy of SIT.
Although SIT is a cost effective, sustainable,
and efficient method, there is currently a
barrier to its widespread application in large
scale field scenarios.

CONCLUSION

For the management and preservation of
ecosystems, it is essential to comprehend the
mechanisms behind bark beetle infestation
and outbreak dynamics at different
geographical scales. Even though bark beetle
outbreaks have serious negative effects on the
environment and the economy, existing
control methods frequently fail to stop their
spread. Bark beetle management will continue
to benefit from current techniques including
pheromone and tree traps, anti-attractants,
remote sensing, and dog detection of affected
trees, particularly in light of climate change.
To control bark beetles in forest management,
however, more methods are required and may
eventually replace some of the current
procedures. These include CRISPR/Cas9-
based methods, symbiont-mediated RNAI,
nanoparticle-coated RNAi complexes, and
SIT. While these novel approaches have
shown great success in controlling agricultural
pests, their application in forest pest
management, particularly for bark beetles,
remains relatively underexplored. This is due
to various challenges, including the
availability of sequenced genomes, difficulties
in rearing beetles on artificial diets, and
obtaining viable eggs for injection.
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