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Objectives of thesis

The main objective of this thesis is to investigate how drought stress affects the physiological and molecular
responses of Norway spruce (Picea abies [L.] Karst.) and how these responses relate to its vulnerability to
bark beetle (Ips typographus) attack. In Eurasian boreal forests, I. typographus plays a crucial ecological
role by decomposing dead wood and recycling essential .nutrients. However, when populations exceed
epidemic levels, they can cause extensive tree mortality. One of theleading hypotheses explaining such
outbreaks is that prolonged or recurrent drought weakensatree’s defenses, making it more susceptible to
colonization. The structural and microclimatic characteristics of forest stands also play a critical role in their
susceptibility to drought and bark beetle disturbance. In this context, sap flow will be used as a proxy for
tree-level water use, allowing assessment of how stand density and neighboring tree competition influence
transpiration dynamics under drought.

Furthermore, at the molecular scale, drought triggers a cascade of physiological adjustments, including in-
creased abscisic acid (ABA) accumulation, stomatal closure, reduced CO; assimilation, and the progressive
depletion of non-structural carbohydrate (NSC) reserves, which are required for both metabolic mainte-
nance and the synthesis of defensive compounds. Consequently, drought not only compromises the carbon
balance but also limits the production of protective molecules such as LEA proteins, dehydrins, and heat
shock proteins, which are vital for cellular stabilization during water deficit. Although these processes are
recognized as key components of drought tolerance in model species, the molecular mechanisms that reg-
ulate them in Norway spruce remain insufficiently understood. Thus, this work aims to integrate ecophys-
iological measurements with gene expression analyses to advance our understanding of drought response
in Norway spruce.

Methodology

This thesis will combine field-based and controlled experiments to study drought-related processes in Nor-
way spruce at multiple scales. Sap-flow measurements in mature spruce stands will provide insights into
tree water relations and stand-level responses. Controlled greenhouse experiments will facilitate a mech-
anistic understanding of drought-induced transcriptional changes by utilizing RNA sequencing (RNA-Seq)
on needles, phloem, and roots. Differentially expressed genes and key pathways will be identified and
validated using quantitative RT-qPCR. By linking whole-tree water relations with tissue-specific molecular
responses, this research aims to provide a more integrated understanding of how drought stress affects
Norway spruce resilience and influences its susceptibility to bark beetle attack under a changing climate.
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3.2.1 Wi nd

In recent years, thieequency of extreme wind events has increased, resultiing inprooting
of trees Peterson 2000; Wohlgemuth et al.2022 Lehmanski et al.2024). Bark beetle
outbreaks areoften preceded by windthrow events since windfalls provide abundant
development substrate for large numbers of pest beetles (Hanewinke2@®@lGochnour et

al., 2022. The vulnerability of forest ecosystems to wind damage is influenced by several
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factors, including the traits of individual trees, theerall stand structureand specific site
conditions(Peterson200Q Mitchell, 2013 Mezei et al. 2014 Seidl et al.2014). As spruce

stands mature, their vulnerability to wind disturbance increases, and structurally unstable
individuals are typically the first to be lost. Early wind eveépgscally cause the fall of isolated

trees without initiating largscale collapse; howeveguccessive storms or bark beetle
infestations can subsequently lead to additional, progressive damage within thstand

et al.,2006 Mezei et al.2014. Once the strongest and most stable trees, known as "skeleton
trees" begin to break down, gaps are created in the forest, followed by a total dissolution of
stands when wind events continli@ese larger openings create forest edges, which have been
found to attract bark beetles and often serve as starting points for infestatibasr e gov § et
2020. Small canopy openings act as interspace gaps (Zabihi 2028,,202%). However, the
presence of larger gaps or forest edges tends to increase the likelihood of destabilization,
whether caused by wind alone (Schiitz et2810§ or through a combination of wind and bark
beetle damagé J a k99§ Mezei et al.2014).

Prolonged drought, when combined with windthrow or other abiotic disturbances,
greatly intensifies bark beetle outbreaks by allowing populations to exceed the threshold
required to attack healthy trees. Windthrown trees provide ideal breeding material for
typographusleading to rapid increases in beetle numbers. As populations grow, the insects can
overwhelm the natural defenses of even vigorous trees, resulting in extensive mortality and
widespread forest declin€firistiansen and Bakk&988 Hlasny et al.2021). These combined
stressorsincluding drought, wind, and bark beetle activityreate a reinforcing cycle that

accelerates forest degradation

3.2.2 Stand structure and composition

Forest structureparticularly stand density, agéass and spatial arrangememiaysa critical

role in shaping bark beetle outbreak dynamics (Fettig,e2G07 Sproull et al.2015. Along

an elevation gradient, stand density can substantially shape individual treeinchitgding
transpiration Increased density elevates crown closure, which in turn influences bark surface
temperature, DBH, and related attributes such as tree height and crown area by intensifying
competition for limited water and nutrient resour@éabihi et al, 2023; Figurel). In particular,

dense singkage plantations established for commercial production tend to exhibit reduced
resilience, as sustained resource competition progressively weakens thnisz@snerability

is compounded by reduced carbHmased defenses, such as resin productvbich is essential
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for resisting bark beetle infestatio(hang et al.2015 Young et al. 2017 Netherer et al.

2019. Another factor, windthrow, as discussed in the previous section, fragments forest stands
by creating canopy gaps and exposed edges, which attract bark beetles. These ¢onditions
characterized by increased solar radiation, wind exposure, and lower humidity at forest edges
alter the microclimate and amplify beetle reproduction and infestation (Hanson and L.orimer
200, Mar e g,@028. et al

I; = I4 cos(8)
I;, irradiance at incidence angle
I4, direct irradiance

8, incidence angle
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Monocultures were introduced in Europe in the 18th and 19th centuries to address
timber shortages by prioritizing higheld species (Griess and Kngk911). Norway spruce,
for instancehas become widely cultivated for its ragicbwth and favorable timber qualities
(Spiecker 2000 Caudullo et al. 2016. However, frequent droughts and heatwaves now
threaten these monocultures, wdignificant increases in spruce mortality rates obsemved
Europe from 1970 to 2019. These drought events, along with structural changes in forest
composition, have contributed to an estimated 50% increase in bark beetle outbreaks (Seidl et
al., 2011). In the Czech Republic, Norway spruce constitutesghly 50% of forest species
composition, predominantly in monoculture stands with vulnerable age classes ifeg «,
2021). In addition to extensive planting outside its native range, increased growing stocks and
altered age structures have heightened the susceptibility of spruce forestgptigraphus
infestations (Seidl et aR011; Hlasny et al.2021).

Intensive management practices, such as sanitation felling, can paradarmaiase
forest vulnerability bycreating newedges, which expose trees to additional environmental
stress and bark beetle attacks (Hanson and Lar0&7 Ozcelik et al. 2022. In contrast,
strategiesuch as thinning reduce density and competition, promoting resilience by enhancing
individual tree vigor and resistanttebeetle infestations (Fettig et &Q07 Hood et al.2016.
A more adaptive approach that tailors forest management to incorporate topographic and
structural variations maytherefore improve forest resistance (Zabihi et,&#023 2025
Thomas et aj2024).

To counter the vulnerability of monoculture foresiscreasing tree diversity and
varying age classes has been widely tested and recommended for enhancing forest resilience to
both biotic and abiotic stresses (Lohbeck et2016 Singh et al.2025). There is growing
evidence that forests composed of multiple species contribute positively to environmental
health, economic outcomes, and community valu€arefully selecting species with
complementary structural and functional traits in mixed plantations supports greater ecosystem
stability and productivity (Hartley2002 Forrester et al2005 Pawson et al2013 Carnol et
al., 2014 Alem et al.,2015 Drossler et al.2015.

3.3 her mal stress

Thermal stress in plants refers to the physiological and metabolic disruptions that occur when
temperatures exceed optimal growth thresholds. When high temperatures coincide with limited
water availability, conifers experience reduced photosynthetic dgpaconstrained
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carbohydrate allocation, and impaired growth and reprodu@ibaand Gerats2013. These
changes have direct consequences for bark beetle susceptibility. Norway spruce relies on
sustained production and pressure of oleoresin to physically expel and chemically deter
attacking beetles. Heat and drought together reduce resin duct farnhater resin pressure,

and limit terpenoid biosynthesis, leading to a weakened primary defense. Under these
conditions, trees are less capable of resisting mass attacitseinitiated by pheromone
coordinatedyroups of bark beetleRecent findings show that acute drought can rapidly depress
photosystem efficiency, increase needle temperature, and reduce terpene and monoterpene
production in spruce, which directly correlates with increased successful colonization by

typographusandl. duplicatus(Basile et al.2024).

Thermal stress also interacts strongly with bark beetle population dynamics. Warmer
summers and milder winters increase overwintering survival, accelerate larval development,
and often permit additional beetle generations per year. This results in fsidation build
up and a higher likelihood of outbreak conditigaasny et al.2019 Gullino et al.,2022).
Heatstressed trees emit stress volatiles and display reduced canopy vigor, signals that beetles
use during host selection. Trees growing at domexges or in recently thinned stands are
particularly vulnerable because they experience higher solar radiation, trunk heating, and vapor
pressure deficits compared to trees in closed can@memel et al.2013 Vanderhoof et al.,

2014 Hr o g §08Q SettS 2abltr. Ld0IP.Bowever, bark beetle attacks are not restricted

to forest edges. Hyperspectral imaging studies have demonstrated that drought and acute
thermal stress produce detectable spectral shifts in needles and crowns across entire stands,
including interior treeshiat do not experience direct edge exposure (Pivovar 0ab. Such
stressinduced physiological signatures occur before visible canopy decline, indicating that bark
beetles may locate weakened hosts deep within stands by responding to subtlelatiess vo

rather than relying solely on microclimate differences near edges.

At the stand scale, abrupt changes in microclimate such as increased radiation, elevated
temperaturg reduced humidity, and stronger wind exposure influence both species
composition and tree water relatiq@utz et al.2013. These conditions reduce transpiration
control and further deplete internal water resefbst et al.2007 Mar ega®2 et al
Ozcelik et al.,202). As water stress intensifies, the t
declines, and beetles gain a substantial advanfdge.combination of rapid physiological
decline (Basile et al2024) and early stress detectability from abareund spectral signals

(Pivovar et al.2025 suggests that bark beetle outbreaks can initiate and expand within stand

H N



interiors long before edge trees exhibit visible decliffeus, thermal stress, weakened resin
based defenses, and climal@ven increases in bark beetle reproduction interact to create

conditions that favor frequent and severe infestation events.

3.2.4 Drought Stress

Intense and recurring drought events compromise the defense mechanisms of host trees, making
them more susceptible to bark beetle infestations (Berryfrtaf®, Christiansen et al1987

Erbilgin et al.,2021). Drought stress occurs when soil water lewdisp below a critical
threshold, resulting ireduced soil water content and increased hydraulic resistance at the root
soil interface. This can cause a breakdown in water cohesion and xylem vessel embolism,
ultimately leading tahe disruption of irreveisle water transporand premature mortality in

roots and twigs (Cruiziat et aR002 Cochard et al.2009. Research suggests that while
moderate drought may limit tree growthenhances carbon allocation to defense mechanisms;
however, severe droughtstricts the production of defense metabolites (Dedpoestau et

al., 200§ Ferrenberg et al2015.

Conifer species differ greatly in their ability to manage drought, but species lacking the
ability to cope with different water regimes are more likely to be susceptible to bark beetle
attack, e.g., Ponderosa pine and Norway spruce. Isohydric conifeespsach as Norway
spruce, delay the decline in xylem water potentials by reducing transpiration through stomatal
closure (Rothe et al2002 Schume et gl2004). Although stomatal regulation helps maintain
water potential in the xylem, it also reducap flow and gas exchange between leaves and the
atmosphere, limiting photosynthesis while respiratory carbon consumption continues (Bréda et
al,, 2006 Rennenberg et al200§. As a result, repeated bark beetle attacks deplete stored
carbon reserves (i.e., natructural carbohydrates), and trees struggle to replenish them due to
impaired photosynthesis, leading to a reduction in the production of defense metabolites
(Erbilgin et al, 2027). Additionally, while stomatal regulation helps prevent a lethapdn
xylem waterpotential, it can also shrink tracheid diameters due to increased water tension. This
shrinkage, combined with a decrease in turgor pressure inside the epithelial cells of resin ducts,
reduces the physical pressure on oleoresin, thereby lowering resiatierudates upon
woundi ng. This compromises the treebs abilit
frost, and pest attacks, potentially leading to tree mort&igu(e2; Cruiziat et al.2002 Bréda
et al.,2006 Cochard et al2009 Rissana et al.,2016.
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33Bark beetl es
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through transcription f-aesposssi(ddFEsdl samemtr atse
(DREBs) and NACs, which coerspiomati v« ethlae h&ctei Vv
al2.0,1 8 Soma2 021 ZahH a o2 0e2t3 alrroeusgphotn si ve gene pr omc
DRE/ CRT mot i f -itnhdaetp ebnidnednstT BLIBRAESB2/rG’/BFhg as a <cou
for -dABpendent gene expression tREBLANhCBBRE
DREB2A, and DREB2C proteiBs indercatingi ahcAR
ABAMependent and independent signaling pathw
and SnRK2 kinases activate DREB2A transcript
transcript and pr20tiéinmtlihevelcs ucd@ad hir estpoals.e,
associated with rdefcaumsssec hanads ctehosuel agncoding
abundant (LEA) proteins, heat shock ©proteir

mol ecul ar chaperones, facilitating proper pr

OH



denaturati on, playing roles in re3pbhskeEALtO
pr otfeaicnisl it at e det oxi faisc athiagre raomee smha vl d lhd @ d swe

in desiccation t @l0é€r8a mDee y(dB a tntsg g lai d aetg ea lf .a,mi

specifically Ilinked to responses to water
met abolism under stress, as docundmMt9e/ad r inm mv a
et 2a0l)l.1,

Transport processéhneameobedqualalty oar iamidc alc c
and hormboesi nstance, sugar transporters he
transporters respond to diverse bio20k0 and
Aquaporins, as channel pdragt ei rcgmadrnnadailrnodreg riwn
bal anceaer onadoandi Ai engni fi cant potteil @t edf pdpopo
particnpawes primary regu-dapenye ptitnadnedpyednBdlietnht ¢
pat hways, which are inter c20inCe cltre dd &gt iddynatma
pat hway, transcription factors such,whsi lbeZl Ps
the -ABdependent pat hway prominently featur e:
(Ol sem0dpts al . ,

The advegenefanieam s e qgrueevnocliuntgi a MNiGzsSe)d htalkse f

anal ysi s, providing deeper inbhghhe tase obhe
Sspruce, a significant breakthrough was achi e
mi |l estone in coni f e2r0 Jg3e nTohmisc sg e(nNoynset esdet q ueet n cael
among conifers, and it has been instrumenta

mol ecul ar regul ati onHouwredrearr , s tdreespd t € o rekit teinc
functions bfempopwpsdveugenes in NorwayVasphruce
of homol ogy with ka® ssnvzeee gaunedn cceosmp | Tehxei t y of
genomear |l y 2 Ppogiegsludbsdsant mal achabbthgeecbacte
genomdas. to its exatnrde melngil teexiiffeycanter esear ch

directed toward transcriptomic analysi s.

Despite the importance of accurate gene &€
the study of seed plant hawae trsiqgd esruteidfrai bel de fionrt
spruce.Red et @tnee genes, al so Ilgreomvwers dadrai ntaerer
expressedquandd for basic cellular funections.
ti me quantitative podR@R)y,asa whdehy reaed i mat
sensitivity, speaxndispdeegd. rBpcadg®CBhdepegods

00



on the stability of reference genes, which of
DNA replication, or metabol i sm, an ideal ref
across tissues, devel opmentcadn cittaigeersg 0 (gRanro t eyt
L¢eet 20LBdentsdglengtshersef of@erci improai ng gene
profiling, providing deeper insights into b
ul ti mately enhancfi nfgacotuorr su ntdhearts tsaunpdpionrgt 0os pr u c
survival 2WMWe @itmed .t,o0 address this gap by
genes in Norway spruce across various stress
seedlings, tissues (needle, phloem, root), a
Chapter 5. 3.

Overlals$,thesis aims to investigate the ir

through a range of apmpoloadlalsanda Ifywoems f iied dt sd

bark beetle infestations. These studies cont
both the | andscape and mol ecul ar l evel s, w h
susceptibility to bark beetl es.



4 Mat er&iMeltshods

Thi s suprcchwaipdes a brtiheef nuaet seceiti dgposieahnhidnfst udi e s
Thet udli é¢klavrdefler to data p&phaepsecovrbelpobdB
respectivel y.

4. Ei eElxdboer i ment s

The field study describedrese&halpt pft oths 2 o0 fw
University of Life Sciences, managed by the
LernTmi lesy (49.9940A N, 14.8592A E) in the
of the Czelchhe Raerpeuab liisc.domi nat ed Abyisepspn) f andu
beeclaggpp. )., underl ain by granodiorite bedr
characterized by war m, dry 1% 68 0men ye,aan \aaqualta
temper atinr A6 me@m® aanual precipitation of 60

The experiment was establ i skemgr adjne 2t01a8c racs
mature NorWap)leptaodid0Qgedads. Each plot wa
Ssubpli®t) s willOh t& ees per subplot. Trees had a
present study, five pl ot Fiuge)c | uRdliontgs p3 odan d2
separated by ~430 m, wheriWaskmlaomasy.1, 5, and

4. Exberi ment al Setup

Ecophysiological Measurements
Sap Ww&a®wmeas ErMSBlusgoMgs Br no, Cz,eobt Repeldlia)
at a height of 2 m on mature trEegbtBsel dbted

sensors operate on the trunk heat balance (T

of which are electrically heated andbeploosw.t i o
Climatic data were obtained from an automat e
Br no, Czech Republic) i nstiaidelnetdali nplaont so p3e na na
di stance) . Precipitation was measured wusing
Pro Rain gauge (EMS Brno). The meteorologic
humi di ty ( %) , air teemper avek &, (WAIC)h phdt osay
radi ation (PAR) used to derive global radiat.|

op



( SWHw) was monitored with hexagonal Sensor s

Germany) installedfatveaseaptomlsofdedpd oymd wwietr h

14°480°E 14°500°E 14°520'E 14°540°E

0 45 90  180Km
13°00°E 14°00°E 15°00°E 16°00°E 17°00°E 18°00°E

Figuf(eA)6 Study area showing Norway spruce tree p
established study plots Klprojkrghtot d)ocaneéer at he
Enterprise (GLP) of the CzechecUnnaderlserryl nif LLa sf
Republic. (B) Picture of the experimental setup
fl ow sensor303%Singh et al .,

Tree density and solar irradiation data

Stand density and solar irradiatPRPOncmer esqbla
processed in ArcGlIS Dexkp®mpFdrveegasdmhnmdmi t8arle
buffer was delineated and divided into four
sector were counted, and cwewgaeowredilmgppt og
proportion of c¢crown area in each daegtbengtb

were derived from28aFiCgiirce org (SuncCal c,
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FigufSun trajectory acilldsdO03ectSobhs h0OkAddadi@0edO
19:10) The yell ow arrow iftdéenates the abbemuovhbkde:s
sector boundari es. Dawn and duse$SyogRrOeQekbhaht , 05:

4.2 Greenhouse experiments

For Chapt er s -yoe-a3t ch nado rbt. ati, n @ rhirzeed Nor way sSpr uc
40 cm high, were used. Seedlings were procur
peat/ perlite mikeéuseedhi May @mOi2@inated from
Bohemdoamvian Highl ands, Czech iR8PuUulml labovae
l evel and receivVvirhb@® amprodx iamatuledlley Edeledil p intgast
transferred to the greenhouse at the Czech

treatment, the plants wetre accliigmdteae trlegml tac

envi r dmingedhrt e
4. Zrkenhouse Measurements and Sampling

Theeedlings were acclimated to greenhouse ¢
SciencesndRmeagpureea8B8uNe2A6 oaunrd -hbdhpk8t operi od
Befbreag mermted!|l i ngs were irriThetywiddeagdddry y
assigepetdheén t hder ocuognhttr atlrr oec@bsme n o | pl ants rece
i rrigati on,-stwheislsee dd rpol uagnhtsgiexukn d e e wie o d of wat

withdrawal



FeExperi ment al se.t ubhéa nl dfhte mareln hoshcws Nor w
beginning of the acclimatization phase. The
t ment , vgittrhe ststeed dreeuwdd htngwamnernt éned ¢ @ritt re@ln ds € én
t

For Sllg@yapl) g helS5ant s wer e fsalbljewitreg ttroe at
Control :Theatgoeoup was irrigated regularly a
biotic Watat meretf.i cOne tgrecauupmewas subjected t
graduvaduging the water supply wuntil the mean
2. MPa. The degree of drought stresshowmatserguan
potenti al using a Scholander pressure c¢hambe
Heat Sdacdclsisngs were placed i n -2l c34i0n0at eP Slh,a nC
Czech Republic) at 35AC for ten days with a

i rri.gBaitoitoinc Tkereeed|l i ngs were inoculated wi
Ophi ostomaandnd eknosbmted fbeonamel mewnt hcl i mat
menti oned above. Throughout the treatment pe
opti mal humi di ty, | iAghtt,h ea nedn dncuntdr myittesrana e tcbrioeaTed,i st,
bapkl oemjmeatds wer e -fcrodderctied,| isqwipd nitroger

Fotrhe i de nthiofuiscekigiesgpre s@funder devel opment al
samples (needl e, phl oem, and root) were coll

field expeof meheaBcpbotsForest Enterpr.ise (C
NeeswWeer e col |l ected by sho@uirmgtho gh c Blkds® evint W

oy



ampuseidng a 5 @mmt rawomik bB2irmpdt ¢ b@,t ewhall modt em
the trunk were samplkal yani Ab?d v etelpld Ihc d Il d cotwe
amples were #Hmmedkinatien yl isgouaipd ni trogen and
n

alysis.

For the studyt oitnalChoafp t4e8r sbe.edd,| iangs wer e r ¢

and drought treatment groups, with each gr ot
containing six seedlings. The control group
expeedeacgradual r educ tweoenk ipne rw aadeerti enrge nodveetre
deficit. Drought progression was assessed we
on cwreraentl ater al shoots wusing a Scholander
Corvalli s, USA) in both conttrotommidnuedatrtd
potenti al in the stiRkeslseMPagr caup edveed ! iinnedd chaet |
and associated with increased risk @fol®yl em

Temperature and photopéonrmdéywarceomai ht aiaheameé
experi ment . F otl il sosmu ensg vsearnep {fiirmongeedni aitre | lyi gsuniadp r

preseid0AC aftor subsequent analyses.
4. ol ecul ar Protocol s

4. 3.1 Samples used for RNA isolation

St uldlyl

Il n Sltilgl@kap3d) er a5t ot al of 16 pl(adnrtosu gwhetr, e cuosnetdr

funognfectThbhe plants were grouped into sets o
bi ol ogical replicate. As a result, each trea
replicate poe®preas asfatmpnioge s pl ant s. RNA i sol at
preparapeohowmed talcec oprdatnaggcdlos outlined in t
Study |

Chapter 5.4 study involved a total of 24 pl a
greenhouse experiment. For each treatment an

four biological replicates.deTshcer idbeetda ibleeldowne t



4 2Protocol s Used

RNA i sol ati on

Tot al RNA from the needl e, phl oem, and roo
cetyltrimethyl ammon(Sumgltbr @R dalr.i (ed TABO) mg of
homogeni zed tissue was mixed with CTAB extr
Chl oroform: i soamy|l al cohol (24:1) and centri
and 0.5 volume of 5M I ithium ncchd boatiedde ama st 2ald
hour. After centrifuging at 12,0089 dpscéaoded
and the RNA pellet was washed twice with 70¢%
OL of fRNeaesewater. To eliminate any genomic DN
DNase Kit (I nvitrogen, USA)ed KRINMggaali 2% agad
and a NanoDrop spectrophotometer (Ther mo Sci
at 260/ 280 and 260/ 230 nm. Complementary DNA
usi ng tCeaepaldiigly cDNA Rever sEApTprlainesdcr Bipd $ p st
foll owing the manufactureuvasiins$uruberonsean

Primer desgiPCR and RT

Pri mer sg P[CRr sasRTaylBt 8aver kb designed u&iToplthe
(I'ntegrated DNA TFeshuldly ofgiifetseenUScAdndi dat es w
previously publ i sheuws d ittreamd ailfradp)idhde &Rdia tqdP TRt
reaction mixt ekeoto8¥BREeGr eé€n5POR Master Mi
USA) ,eL 100 cDNA fr om Of 6LV eofr avlad dd ialnudt e @&ovie P osfe pr
eMconcent raanedi @dnf O-RNeeewater (Il nvitrogen, USA)
of EO. OAmpl i fication was conducted with ini:
foll owed by 40 cycles of 95AC for 15 second
perfor med usi ng an AppRe&idmeBi PCGR stSgms e Bt €y
Bi osystems, USA)melFtoirndgtauwdryvdtanahgsSipecyaanep ¢
amplification and verify primer specificity,
to 9BnR@DHNBEdMmMeehydrin family waShesexpfessiva
of the target genes®Weateh ad ! (clil vaa keda pulkoi hah rhih
Chapt e@rhi Sgtedneers wer e Vv ad H QRat be)de u28nsh gwBRRIB e d
asareferenhoe geapeessiamSeng maéw)zalt i on



TablRrilmer i nformation of the reflelfence genes an

Gene | Gene name Pri mer sequence Ampl i c R Regr es
sy mb ( Il engbp)lefficlcoeffi
RPL2qri bosomal26pr| F: CATCTAGTGTGCGGCGT 114 96. 7 0.99¢
R:| CTCGTACCACCTGAACT
PP2AlSerinel/phoeel F: GGCCTATGTGTGATCTA 113 96. 9 0. 997
phospP®2Ase | p. | GTGATTGAATTGGGCTG
RPL7/{Ribosomal pr|F:| CCACTGTTGGCTGAGGA 119 100. 0.99¢€
R: CCCTCATTGGTTGTCAC
UBCP | Ubi qdiii kiendon F: | CCACAGAATGGGCTTGT 126 96. 9 0.99¢
containing Qp.| GTGGCTCAGATCATCCA
phosphatase
SKI P{Fbox protein F:| TTCCCACAGAGCTCAAA 134 91. 1 0.99H¥4
R:| CTCAGCCGCATACTTCT
HSP9(Heat shock p|F: GGCGATCAAGATGAAGC 138 111. 0.991
R: | AAGCACACATGGCGAAG
CCz1l|Vacuolar fus|F:|CAAACAGCAATAGCAGT 133 93. 8 0.99¢
R: ACAGAGAGCTGGCTAGT
SDH5 | Succinate delF:| GCTCTACGGGCTGCATA 119 106. 0.87¢
R: ACCAACAGCGTCACTAA
RI'D2|18S r RNA F:| GAGGAGCACGAGCTGTA 104 93.7 0.987
R: | CACAACCAGACCACCTQG@G
JMJ1¢Put atise@elcyd F:| AGCAGATGTGGAGACTA 122 93. 8 0.997
demethylase |p.| GGAGCCGTGCAATGTTA
COG7 | Conserved ol|F: CCTCGGCTGAAGAAGAC(C 135 103. 0. 997
Golgi complep. | TTGTCCCAGCACCCAAT
RPS1(ri bosomal ©pr|F:| CCTCGATTTGGTGACAG 110 96. 7 0.99¢
R: GCCCTAAATTGAGGCTG
SP1 ubi gpriotein F: GGCACTACTCTGACTGT 117 114. 0.99¢
SP1 R:| GGCAGATCCTAGCCGTT
TULP¢Tub-biykkeox pr(F: CCTGAGCCTAATCCATC 104 94. 7 0.99¢
R: AGTGGGTAGCGATAATC
ARP9 | Actrienl ated p|F:| CCTGGAAAGGTGGTGCT 120 93. 6 0.99¢
R: ATCTCTGTACTTTCGAC
Target gene
PaDhiyDehydij]kmot ei|F:| ATCAATGTGCGGGTGAA 122 120. 0.951]
R ACTCCCACACTGATCTG




Tabdlei st oafn dg grressier | rufscerdmag BPACBRTV ail n dslY. u d
. Gene . An Amplicon Tm
Transcript ID symbol Gene name Primer sequence( 530606 ) length (bp) °C)
. . TTCGATCCGTGGCAACTA 61
NAC domair F:
MA_7519290010 | NACE8 | . iaining protein 68 | R:  CCAGCAGTAACAGGTTTGTC 161 61
MA_9957372g0010|  IP3 ABAWDS-induced | F: SCATTECACOEAAAGAAS 114 °0
= 9 protein R: GTGATGCTCGTGGAAGATG 60
Probable phospholipid| F:  GGATCTCAGCATCTACAAGG 59
MA_125113g0010 | GPX4 | hydroperoxide 168
— 9 yaropx . R: GGTTCCTGTCCACCAAAT 59
glutathione peroxidase
alphatrehalose F:  ACAGGGTAGCTCCAAAGT 60
MA_104187¢0010 TPS6 phosphate synthase R: GCATCAGCAACAGCTTCTA 153 60
MA_ 1038059990010  PTi | PINTA()-alpha Fi CACTTGOGCTTCTTCCATE 166 00
= pinene synthase R: GGACGGATCCCATCTCTTA 60
F:  TAGAGCAACCGAGGAAGAT 60
MA_102127299g0010 TPSD2 | Pinene synthase R CTGCTGATGTCGAAAGTAGG 138 60
. . CTCCAAGAGCGAACTGTTAC 60
Glutathione S F:
MA_580673490010|  GSTUN | 4 2 sferase U23 R TATGCATTGGAGGGCAGA 156 61
F:  ATCAATGTGCGGGTGAAG 60
MA_4505582g0010 DHN5 Dehydrintlike protein 122
— 9 Y P TTCAGATCAGTGTGGGAGT 60
Betacarotene F. AAGAGCCAGGAAGAAGGT 60
MA_11183g0010 | BCHZ | i ouylase 2 . CCGAACATCTCTGTGAAAGG 150 50
g ACCATCTGCAGAGACTGT 60
MA 10421490010 | DHN2 | Dehydrin k. CGGAGGATTCGTTGGATAA! 121 60
Fi' ATCCGGACAGACTCACATA 60
MA_7964490020 PXG Peroxygenase . 161
196449 Y8 R: TCCTCTGATGCTCTCCTTT 60
MA 1843990010 | GDLe2 | GDSL esterasefiipase| COCCTTCACAGCAACAAATS 139 oL
— At4g10955 R: GGACACATACTTCTGGACGA 61
MA 22263490010 | LEAgs | Late embryogenesis F:  CACTGAATCTGCCTCTTCTG a1 60
— abundant protein R: TGGTGTCCTTGACTTCCT 60

w absa sgeuda nctoi | foi reidmeut sri

Vi
Wi

ue

4 Apectrophotometric measurements
For sMfudg proline content

foll owing the mel®hpIdwiotfh Batresr
(control acnudr tyderadrauegchltes from si x i ndi
constitute one biological replicate,
0.5 g fresh mass (FM) of needle tiss
The homogveasat il tered, and 2 wml ho f2
acid and 2 mL of ninhydrin reagent

The

dua
t h

was

mi

f o

X t

emo dailf.i c(ati on.

f

tmiLe offi Igl &



h. After cooling, 4 mL of toluene was added ¢
phase was recorded at 520 nm using a cuvette

Victoria, Australia), with toluene serving a

Photosynthetic pi gments wer e deter mi ned

Lichtea®OBdl &or ( each biological replicate, a
homogeni zed and extracted with 80% acetone.
nNm using a spectrophotometer (Cintra, GBC
Concetnitans of chlorophyl | a (chl a), chl orop
total carotenoids (Car x+c) wepra daVcmhaseda
g T).

4 . BNA Sequencing, LabdaApwaPyeparati on

Tot al RNA samples with RNA integrity number
selected for sequencing on the Il 1l umina Nova
approxi matel y -e5n0d mmielaldiso n( PoEalib5rOe)d p er ussainmpd e

podfyofaitg@ached magnetic beads, and c¢cDNA |ibra
pri mers. Raw sequencing data (FASTQ-hbasmat)
scripts to remove-Nadamugaedlosve guteisragd s- o0 pleistui

clean reads. Quality metrics, including Q20
downstream anal yses were performed using cle
spruce refeR.enagbdi.efse nBlmMeDEBwWi ¢th &l sat 2 v2.0.5

al20p8 Differential gene expression analysis
(ver. 3.22.5)20QRobownesdME)t.evee® ales, were adj ust e
Benj aHomicnhiber g approach to contr ol the false

pvalues O 0.05fahd BAbaswdgme ecobomgi2dered signi f

expressed.

Functional HArmatrathi eml| Trcd usKareitippdnegotni f i cati on
MapMan aofl ysamsscripts

Functional annotation of DEGs was perfor med
insight into molecular responses to drought
was conducted to assign DEGs oboesdheee(PBPP) nce

components (CC), and mol ecul ar functions (N

no



identified usvianguea thorersdotl@dld o < 0. 05. Ky ot
Genomes (KEGG) pat hway enri chment anal ysi s
signaling pathways associated with DESIsSngBot
the enrichGO and enri chKEGG functions in the
2012referentditnhg:f heewBOg¥néont olnd @y .ogn g/al dat

pat hways from thhet t WEGG wdwwt gbafeamre .(mpt Rbgli c

annotations 26KpDbeBtani eti @adl ,enri chment of L
assessed within cl ustverl Rureo f<i 10e r0O 5u saisn ga a ha cersrt
identification of enriched categories. Hi er
conducgeflfoglsd nchange data, centroid |Iinkage,

(Ei senl9®pt3 agenerating dendrograms to visual:]

dynamics. Transcription factors (TFs) were |
from DEGs and translating them into protein
the i dentification of open reading frames. Th
PlantZPDR Ji2M6letusalwagl ae Eutoff of O10 to c

For functional categorization and pathway
et 2a0lp.4,veansp|l oy ed, utilizing a cust bofPr. mappiersg
MapMan organizes gene expression data into
categories, termed fABin, 0 which are predefir
facilitating a comprehensive oveusiem méapmien
file was generated using thehMehcatsen gnemnl ifn

Bin teR.msadoessences from a reference -tFOASTA f

function assocmadelonspéoireg.hi BEG®nuniquely r

wel | as those common across all tissues, wer
<0.05 and anfabdocbaegéogp N1. Annotated DE
functional Bins and visualized in MapMan tc
supporting evap eainidioecs yasft etmi €ssuegul ation. Al
systematically examined to identify regul ato
Statistical enrichment of pathways-siutm MapsMan

compari mg btuhte odni sotf expression values for gen
Bins with p < 0.05 were considered functiona


http://www.geneontology.org/
http://www.genome.jp/kegg/

4 .6t ati stiecal Anal ys

Study |

Total sap flowg)nwaachisett cml)C uloateexch mi nien gh c

flow responds to diurnal solar radiati))n. Sa

antd) (to obtain relative sap flow values in p
Y& OWO Qo & BYOAAU E AAU )

g n w o e Y O 0 @
YOO & €1 awerq,‘éz@Qéﬂ(bé)pnn

) )

vy o e s e 7 QO @ €1 O OEQEQQ
0 &1 & 0acEIMWQQD QO ) ) )

Generalized LineardaModtenes n(aGLuMsa)la swo & tha me t
di spersi omermpeaedmeberel ate tree groups to saj
function from the " sZ2@iIs"Addictkiaogrea I(IRy ,CoReea rTse«

("cor.test function) was performed at a 0.

bet ween tree density s2@p1 and sap flow (R Co

Study I

Five algorithms were employed to evaluate tF
genes in Norway spruce: gggENormhdN®RemFi mdenr .
we-based platform, was used to ptobmgdeha rcemp
the other four algorithms. The geNorm al gori
and performs pairwise variation (V) analysi s
(VandesompRalpe2 eNtor anlF.i ,nnddeird artaen kgsenceas accor di ng

across sample groufmasnd gonepderairngthoinh (IAmdra

Best Keeper evaluates stability based on sta
guantificatvahueycl 2 @CHI) @lteée neelt.h,od assesse:
expression stability by comparing Cq differe
et 2a0lD.6,

For all anal yses, mean Cq values of each
then calcul ated the geometric mean of indivi
ranking of reference gene stabilrenpceTgedests

np



required f eagrPC&c mwrrartad i RBti on, pairwise var.i
using geNorm, where the V value reflects the
the normal Teavabndébetbohe selected reference
of the demhaydhwier egamea |l yz®%dmeutshiondg (tLhiev aX and S
20DP1lwith both the most and | east stable refe
t he Kol-Bimgonov test. darbevehgenweea@aptbesiana
factor ANOVAKl bodX[(S&FAT 1.0), wi t-0 .40 i geint i ¢
di fferendéweo btert avle eaand treat ment groups.

St uld/y

The spectrophqPGmRetdaia Bhod Rhe treat ment and
for normalityiWubkngeshe BSbhpowed by an asses
bet ween the control and treat mentamriontdesp e d
test was conducted, -applyfong egubérvaheasted
or Wedtelsdsftor unequal variawalksesifndevanedsg
di fferences bet weaentimeent cgmtou@ls and a 95% c
calcul ated wusi ng RiSftfudr eont(ivelr sg eme 4e Xpr3gssi o
using the DESeq2 R packagélObtewv e 08t4x2Pl e s( Ro
were adjusted -lschberlgeaBenpamhni o control t
(Benjamdoncih bledrPg5, Genes wivahuadj OsDe®5pand abs
chafNdwere considered significantly different.i



5Resul t s

Thi s di ssertation comprises four chapter s,
manuscript. Theafdivesewchaptele(bha) eE%amines
dynami cs, addressing the primary drivers anc
recommendations -h@asedutaoles mbbecahtrol t hese
(5. 2) invempagat ed tfloe est stand fprhaygmedtoatyi
t hrough ecophysi olbhohge ccadim aneekatshuerstet @ gen tiTshiel itthyi r
chapter (5.3) addresses a critical gap in t
genes (referrearcrealgezniensg) gfeonre expression in |
experiment al conditions. The final chapter (

seedubndgs drought stress, highlighting key p



5.1 Understanding bark beetl e outbreak
temperature regimes, droughts, forest

forest pest management

Publ i sShiendg ha,s :Nas¥er , A., Mogi licherl a, K., Tr
R. & Erbilgin, N . (2024a) . Understanding ba
changing temperature regi mes, droughts, fore
ma n a g e nkeervti .e ws i n Environmental, SZ3j@mMA& 7 anc

https:// doi . or29/916®.21 007/ s11157

Contrisbaoanhceptaddlon,t hreetve,asiwagewt & toanrgingir rad It
wr i tnegi ewing and editing.

This study delivers a comprehensive evaluat.i
processes at both stand and | andscape scal e:
out break formation under ongeriatgi @ s marn ef arhes
influence beetle colonization and dispersal,
tree vitality, and how temperature regi mes
Particul ar emphasdtsi ars Ipdtawean omnprtthee ithnteegxa ¢
a critical appraisal of existing forest mana

damage. The findings highlight -bheedroswli migi o

compltememadi ti onal forest protection strateg
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Abstract Climate change has increased the
susceptibility of forest ecosystems, resulting in
escalated forest decline globally. As one of the
largest forest biomasses in the Northern Hemisphere,
the Eurasian boreal forests are subjected to
frequent drought, windthrow, and high-temperature
disturbances. Over the last century, bark beetle
outbreaks have emerged as a major biotic threat to
these forests, resulting in extensive tree mortality.
Despite implementing various management strategies
to mitigate the bark beetle populations and reduce
tree mortality, none have been effective. Moreover,
altered disturbance regimes due to changing
climate have facilitated the success of bark beetle
attacks with shorter and multivoltine life cycles,
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consequently inciting more frequent bark beetle-
caused tree mortality. This review explores bark
beetle population dynamics in the context of climate
change, forest stand dynamics, and various forest
management strategies. Additionally, it examines
recent advancements like remote sensing and canine
detection of infested trees and focuses on cutting-edge
molecular approaches including RNAi-nanoparticle
complexes, RNAi-symbiotic microbes, sterile insect
technique, and CRISPR/Cas9-based methods.
These diverse novel strategies have the potential to
effectively address the challenges associated with
managing bark beetles and improving forest health in
response to the changing climate.
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1 Introduction

Over the last several decades, a shift in climatic
conditions has increased the frequency of severe
windstorms and drought events, favouring the
emergence and proliferation of insect outbreaks.
Bark beetles (Coleoptera: Curculionidae: Scolytinae)
are widespread globally, and several species are
associated with extensive mortality of major tree
species in the Northern Hemisphere (Vega and
Hofstetter 2015; Hlasny et al. 2021). For instance,
the Eurasian spruce bark beetle, Ips typographus (L.)
plays a vital role in forest succession and nutrient
recycling by decomposing dead and dying trees
(Edmonds and Eglitis 1989; Hofstetter et al. 2015;
Raffa et al. 2015). However, once their population
density reaches the epidemic threshold, they have
the potential to cause widespread forest mortality
(Berryman et al. 1989; Hlasny et al. 2021). These
outbreaks have gone beyond economic implications
by disrupting forest succession and nutrient cycling
and turning forests from carbon sink to source (Seidl
et al. 2014; Aldea et al. 2023).

As the primary host for . typographus and one of
the major tree species in the Eurasian boreal forests,
Norway spruce (Picea abies) is highly vulnerable
to rising temperatures. For instance, unprecedented
Norway spruce mortality occurred from 1970 to
2010 due to frequent drought events and heatwaves,
which resulted in an average annual loss of up to 14
million m® per annum, especially 118 million m® in
2019 alone (Ebner 2020). Furthermore, its primary
pest, I typographus has benefited from warming
temperatures, which resulted in accelerated and
extended brood development and early swarming
(Hlasny et al. 2011; Netherer et al. 2014; Hinze and
John 2020).

Management of bark beetles is driven by two
primary objectives: prevention and containment
(Wermelinger 2004). Prevention strategies aim
to keep the beetle populations at low densities by
implementing measures such as removing infested
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trees, employing traps, and clearing fallen trees.
Containment involves salvage and sanitation
logging in outbreak areas or nearby areas to halt or
slow the spread of outbreaks. However, the current
management strategies are still inadequate, and their
effectiveness has been frequently questioned (Dobor
et al. 2020). Consequently, exploring innovative
strategies for bark beetle management is imperative,
leveraging techniques emerging from functional
genomics. Methods such as RNA interference
(RNAI) and CRISPR/Cas9 are rapidly advancing as
pest control tools, with their effectiveness proven in
controlling agricultural pests, such as Spodoptera
and the Colorado potato beetle (Gui et al. 2020;
Mezzetti et al. 2020; Vatanparast and Park 2022).
Recent reports demonstrate the presence of core
machinery genes that can be utilized for gene
silencing for Ips management using molecular tools
(Powell et al. 2021; Joga et al. 2021). However,
previous reports have not highlighted or addressed
the applicability of these techniques. This review
emphasizes the future usability and efficiency of
such techniques in Ips bark beetle management.
Unlike many conventional pest management
approaches, these molecular methods are tailored
to target specific species. Nevertheless, they require
further exploration and functional validation for 1.
typographus management.

Despite a century of extensive research on bark
beetles, there are several gaps in our understanding
of the main drivers of bark beetle outbreak
dynamics and the strategies for their management.
Moreover, the recent advancements in the bark
beetle management techniques are poorly elaborated.
Here, we aim to provide a brief overview of the
ecology and population dynamics of I typographus
and discuss the major drivers of outbreaks in the
context of climate change. This overview focuses on
L. typographus, but we also discuss other eruptive
bark beetle species. We preliminarily examine how
changes in a forest structure affect the initial host
colonization and spread, how droughts and water
stress affect host tree physiology and vigour, and
how temperature regimes affect bark beetle activity.
We analysed the present management approaches and
their efficacy in protecting the forests and suggested
cutting-edge molecular-based approaches to face new
challenges that could be used to guide future forest
management practices in the Anthropocene.
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2 Eurasian spruce bark beetle ecology

Ips typographus is a relatively small insect
(4.5-5 mm) and exhibits sexual dimorphism. They
are univoltine (producing one generation per
year) but may shift to polyvoltine (more than two
generations per year) due to the influence of warm
temperatures, resulting in accelerated development
(Hlasny et al. 2011). During the endemic phase,
the beetles infest mature trees that are stressed and
weakened due to various biotic or abiotic factors
(e.g., high temperature, drought, disease, herbivory).
The beetles are associated with a variety of microbial
symbionts, including bacteria and ophiostomoid
fungi, that play a significant role in exhausting tree
defenses (Lieutier et al. 2009; Zhao et al. 2019b;
Chakraborty et al. 2023). After overwintering, a
new generation of beetles emerge from the litter or
Norway spruce trunks and disperses between 100 m
to tens of kilometers while searching for a suitable
host tree (Biedermann et al. 2019; Fig. 1A). Host
tree-bark beetle interaction is generally considered
multifaceted, and various factors across different
spatial and temporal scales shape their interactions
(Jaku§ et al. 2011; Kautz et al. 2011; Netherer
et al. 2024). Furthermore, Ips typographus shows
density-dependent host colonization behaviour.
Beetle populations in the endemic phase rely on the
availability of windthrown, dead, or weakened trees;
in contrast, in the epidemic phase, they colonize
healthy trees (@kland and Berryman 2004; @kland
and Bjgrnstad 2006). We will review factors in the
context of the population dynamics of 1. typographus.

2.1 Stand-level dynamics

At the stand level, once the pioneer male beetles
overcome the host defenses, they produce aggregation
pheromones, 2-methyl-3-buten-2-ol (MB) and (-)-cis-
verbenol (cV) (Keeling et al. 2021; Ramakrishnan
et al. 2022; Fig. 1B.a). Male beetles produce high
amounts of MB when initiating the nuptial chamber,
while the production of cV changes depending
on the amount and enantiomeric composition of
a-pinene in Norway spruce phloem (Birgersson et al.
1984; Fig. 1B.b). Emission of these aggregation
pheromones from trees under attack brings additional
male and female beetles to the foci trees. Arriving
male and female conspecifics release more of the

same pheromones to coordinate mass attacks on
the host (Blomquist et al. 2010). Upon entering the
host, adult beetles create mating chambers, mate,
and excavate oviposition galleries where eggs are
deposited. Eggs hatch into larvae, feed, complete their
development under bark, and exit from the parental
trees. Depending on the host characteristics, such
as phloem thickness, 1. typographus can increase its
population size by up to 15-fold from the preceding
generation (Hlasny et al. 2019).

Once the foci host trees are fully occupied,
the production of anti-attractant compounds such
as verbenone starts to avoid overcrowding (Xu
et al. 2015) while the production of aggregation
pheromones declines. This increases attraction
towards nearby uninfested trees, initiating a new
wave of mass attacks (Fig. 1B.c, 1B.d). This event
marks the completion of “switching” of bark beetle
attacks from heavily colonized trees to neighbouring
uncolonized trees (Schlyter et al. 1987; Fig. 1B.e).
This process may result in several mass-attacked trees
at the landscape level.

2.2 Landscape-level dynamics

The spatial distribution of mass-attacked trees, the
host availability, and environmental factors can
influence the initiation and spread of bark beetle
infestations. However, the effects of these factors
vary between endemic and epidemic phases of I
typographus (Mezei et al. 2014a; Potterf et al. 2019).

2.2.1 Endemic phase

When bark beetle population densities are low,
they are primarily associated with stressed or
defensively compromised trees (Raffa et al. 2008;
Boone et al. 2011; Biedermann et al. 2019). Factors
such as tree resistance, stand structure, abundance
of natural enemies and competitors, and weather
can potentially limit the beetle’s population size at
the endemic phase, whereas natural disturbances
and climatic events can disrupt this equilibrium
by reducing tree resistance and hence increasing
the beetle population (Raffa et al. 2008; Ruel et al.
2023). The capacity of bark beetle populations to
cross the epidemic threshold and move from the
endemic to the outbreak phase depends critically on
the availability of suitable breeding materials, such
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as susceptible host trees, stumps, and windblown
trees (Hro$So et al. 2020). Weather events like
extensive wind damage or intense droughts can
provide ample breeding grounds for population
build-up. As the population has built up and
depleted the available substrate, they begin to attack
healthier trees (Biedermann et al. 2019).
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2.2.2 Epidemic (outbreak) phase

Once the beetle population reaches the epidemic
phase, the discriminatory behaviour in host
selection becomes less adaptive because there is a
greater possibility of recruiting sufficient numbers
of conspecifics to overcome the defenses of large
healthy trees, which tend to have greater resources
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«Fig. 1 Scheme of Ips typographus population dynamics.
(A.) In the endemic phase, beetles feed and reproduce in
windthrown trees, trunks, and stumps and later move to
the epidemic phase under favourable conditions. There are
several factors, such as favourable weather, availability of
breeding substrate, droughts, and windthrows, that influence
the transition of the beetle populations to the epidemic
phase. In the epidemic phase, the beetle population is high
enough to mass attack healthy trees and cause widespread
mortality. Later, certain factors such as unfavourable weather,
exhaustion of the breeding substrate, abundance of predators,
and increased tree resistance of surviving trees can cause
high beetle mortality and limit the population to the endemic
phase (Adapted from Kautz et al. 2014). (B.) a. The initial
host colonization stage is usually initiated by pioneer beetles,
males in Ips and females in Dendroctonus. In Ips typographus,
aggregation pheromones, 2-methyl-3-buten-2-ol (MB) and
(-)-cis-verbenol (cV) are released to attract additional male
and female beetles. b. If the pioneering beetle survives host
tree defenses, with the arrival of additional beetles, they
produce larger amounts of aggregation pheromones which
usually ends the mass colonization of host trees. The goal
of mass colonization is to exhaust tree defense to secure
reproduction. ¢. During the mass colonization stage, while
the initial tree (I) is mass colonized, a small portion of male
beetles land on a neighbouring uncolonized tree (II) and starts
a new colonization sequence. d. As the production of attractive
pheromone components diminishes, the attraction towards the
initial tree declines, while simultaneously, attraction towards
the neighbouring tree increases, starting a switch in attraction.
e. When the initial "swirching” process is completed, only
small amounts of aggregation pheromones are produced, while
larger amounts of inhibitory compounds (ipsdienol & ipsenol)
are continuously produced. The attraction is now shifted to the
neighbouring tree (II), where a new mass attack starts, with
a small proportion of males once more being deflected and
ending up on the new uncolonized neighbouring tree (IIT). The
small graphs represent log pheromone release from Birgersson
et al. (1984). The marks on the x-axis represent the attack
phases 1, 3 and 6, where (1) males are bored in bark, (3) have
completed nuptial chamber formation, and (6) are joined with
females. (Adapted from Schlyter et al. 1987)

(i.e., thicker phloem) to support substantial beetle
populations, resulting in higher number of broods
(Raffa et al. 2008). The factors governing the bark
beetle outbreaks also change as the infestation
progresses (Walter and Platt 2013).

In the early stages of the outbreak, beetles still
infest susceptible trees with weakened defenses
(Raffa et al. 2008), with most beetles targeting
windthrown trees. As a result, the beetle infestation
is still relatively small at this stage, and tree mortality
is primarily attributed to windthrow events (Potterf
et al. 2019). However, the infestation of standing trees
intensifies up to three years after a major windthrow
event and enters a patch-driven outbreak phase,

signified by the establishment of many infestation
spots, benefiting from a large pool of available
healthy host trees (@kland et al. 2016; Potterf et al.
2019). Still, the rate of infestation spread is minimal,
and the distance between new and old infestation sites
is maximum (Jakus et al. 2002). These spots typically
emerge close to windthrow areas within previously
unaffected stands, appearing as small, rounded
patches (Potterf et al. 2019).

As the epidemic spreads across the landscape,
beetle pressure becomes the most crucial determinant
of tree mortality because the population size of bark
beetles is large enough to mass attack healthy trees
and overcome their defenses (Walter and Platt 2013;
Mezei et al. 2014b). The outbreak emerges within
one to three years following a major disturbance
event (@kland and Berryman 2004). Although
healthy trees can withstand a certain number of
attacks, once a certain threshold is surpassed, such a
tree cannot repel the attackers (Krokene 2015). As a
result of the coalescence of nearby infestation spots,
the distance between freshly and previously infested
locations is smaller during the epidemic phase than
the endemic phase (Kautz et al. 2011; Potterf et al.
2019). As each successive generation of bark beetles
exhausts resources needed by subsequent generations
(Raffa et al. 2008), higher population pressure further
facilitates the initiation and spread of bark beetle
infestations at higher elevations (Jaku§ et al. 2002)
and other neighbouring less affected areas.

2.2.3 Epidemic to the endemic phase transition

In the later phase of the outbreak, as the significant
portion of available host trees has already been
depleted, bark beetles target marginal host trees in
less favourable habitats. This phase is characterized
by relatively lower densities of beetle populations
than the earlier phases of the outbreak, and the beetle
numbers are too low to kill healthy trees. Surviving
trees are likely to fend off attacking beetles due to
their anatomical and chemical defenses (Nelson et al.
2007; Raffa et al. 2008; Erbilgin et al. 2017; Zhao
and Erbilgin 2019; Zhao et al. 2019a). In the post-
epidemic phase, while the number of new bark beetle
infestation sites decreases, the expansion of existing
infestation spots reaches its maximum, with the
beetles more likely to target less suitable resources
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neighbouring old spots due to limited available
resources.

The mechanisms behind the decline in bark beetle
populations in the later stage of an outbreak are
not well understood. However, when the host tree
supply is depleted, the beetle population decreases
significantly (Walter and Platt 2013). Additionally,
adverse weather conditions, pathogens, and natural
enemies can significantly increase beetle mortality,
ultimately limiting their population to the endemic
phase (Boone et al. 2011; Wegensteiner et al. 2015).

3 Effects of forest stand structure on population
dynamics of 1. typographus

The structure of the forest stand (e.g., stand density
and age classes) strongly influences bark beetle
outbreak (Fettig et al. 2007; Sproull et al. 2015).
Windthrow alters stand structure as a primary
form of disturbance by creating openings in the
forest canopy (Marini et al. 2017). Promoting forest
diversity (discussed in Sect. 6.2) and thinning
are the highly recommended practices to reduce
overall vulnerability and have been effective against
Dendroctonus ponderosae, D. frontalis, and D.
brevicomis (Egan et al. 2010; Fettig and McKelvey
2010; Zhang et al. 2013; Hood et al. 2016).

Within outbreak stands, foresters employ intensive
measures like sanitation felling and salvage logging
to reduce damage, including cutting and removing
infested or dead trees (Stadelmann et al. 2013).
However, intensive management activities such as
sanitation can further amplify the destabilization of
the stand. For example, intense sanitary interventions
in outbreak-impacted stands could cause the
fragmentation of forest stands by creating canopy
openings and numerous margins or edges (Hanson
and Lorimer 2007; Zabihi et al. 2021; Ozg:elik et al.
2022; Singh et al. 2023). Notably, fragmented forests
exhibit increased susceptibility to wind damage and
render freshly formed forest edges to bark beetle
infestation (Kautz et al. 2013; MareSova et al. 2020).
This susceptibility is likely due to sudden changes
in microclimatic conditions, such as increased
solar radiation and temperature, reduced humidity,
increased vapour pressure demands, and greater wind
exposure (Hanson and Lorimer 2007; Herbst et al.
2007; MareSova et al. 2020; Ozgelik et al. 2022). The
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resulting changes may further facilitate increased bark
beetle generations and temporal scale of infestation
and increase the damage risk.

Likewise, highly dense plantations, often driven by
commercial goals, exhibit poor growth and resilience
to stress. Increased tree density can increase
intraspecific competition among individual trees and
constrain resource availability (Zabihi et al. 2023;
Thomas et al. 2024). Research indicates that increased
competition within a forest stand can exacerbate the
impacts of drought and increase the likelihood of
mortality, particularly if water is the limiting resource
(Zhang et al. 2015; Young et al. 2017; Korolyova
et al. 2022). Consequently, constraints on resource
availability can influence many plant functions, such
as resin exudation, photosynthesis, and subsequent
biosynthesis of carbon-dependent defense metabolites
(Bazzaz et al. 1987; Netherer et al. 2014; Erbilgin
et al. 2021), and predispose them to bark beetle
attacks (Netherer et al. 2019).

Practices like thinning can enhance forest
resilience by providing growing space to individual
trees (Fettig et al. 2007; Hood et al. 2016; Knapp
et al. 2021) but its impact on the dynamics of I
typographus remains unknown. Forest structures
vary across elevation, slope, and aspect gradients,
with elevation playing a crucial role in tree mortality
during all phases of 1. typographus infestation (Mezei
et al. 2014a; Sproull et al. 2015). For example, trees
tend to be more densely packed at lower elevations
within a limited altitude range (Mazo6n et al. 2020;
Zabihi et al. 2023). This difference in tree density due
to elevation also affects tree characteristics like bark
temperature and diameter (Fig. 2; Zabihi et al. 2023)
which are important predictors of host susceptibility
to bark beetles. Since topography and inter-tree
spacing significantly modulate ecosystem functions,
forest management strategies should be tailored
considering these variables to foster improved overall
health and resilience of secondary spruce forests
(Zabihi et al. 2023; Thomas et al. 2024).

4 Impact of drought stress on population
dynamics of 1. typographus

The intense and recurring drought events compromise
the host tree defense mechanisms, rendering them
more susceptible to infestation by bark beetles
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Fig. 2 A representation showing how variations in landscape,
stand, and tree characteristics interact at different scales of
elevation, tree density, and tree traits. The five circles in the
diagram represent tree density gradients, with darker grey
indicating higher density and lighter grey indicating lower
density. The blue circle represents changes in elevation,

(Berryman 1972; Christiansen et al. 1987; Erbilgin
et al. 2021). Research indicates that severe drought
events limit the production of defense metabolites,
unlike moderate drought, which is hypothesized to
limit tree growth but enhance carbon allocation to
defenses (Desprez-Loustau et al. 2006; Ferrenberg
et al. 2015). Drought stress occurs when the
available water in the soil falls below a specific
threshold, leading to decreased soil water content
and increased hydraulic resistance at the root-soil
interface. Water transfer through xylem tissues may
become irreversibly disrupted due to water cohesion
breakdown and vessel embolism, increasing the risk
of premature mortality of roots and twigs (Cruiziat
et al. 2002; Cochard et al. 2009).

Isohydric conifer species avoid or delay the decline
in xylem water potentials by restricting transpiration
through stomatal closure (Rothe et al. 2002; Schume
et al. 2004). Although stomatal regulation helps in
maintaining water potential in the xylem, reduction
in sap flow and leaf-atmosphere gas exchange
declines the photosynthetic product assimilation
regardless of continued respiratory consumption of

%} O O Sub-plot

Plot

Tree traits gradients
(Tree-level variations)

Tree density gradients
(Stand-level variations)

Elevation gradients
(Landscape-level variations)

with darker blue indicating higher altitude and lighter blue
indicating lower altitude. The individual tree traits, such as
bark temperature and diameter at breast height, shown in green
color gradients, were found to be positively and negatively
related to tree density, respectively. (Adapted from Zabihi et al.
2023)

carbon (Bréda et al. 2006; Rennenberg et al. 2006).
Eventually, stored carbon reserves (i.e., non-structural
carbohydrates) are depleted by repeated bark beetle
attacks, and due to no or low replenishment as trees
cannot sustain the production of defense metabolites
(Erbilgin et al. 2021). At the same time, while
tighter stomatal regulation can help avoid a decline
in lethal xylem water potentials, the tension in the
water conduits may cause shrinkage in tracheid
diameters. This, together with a decrease in turgor
pressure inside the epithelial cells lining the resin
ducts, reduces the physical pressure on the oleoresin
and subsequently reduces the exudation rate upon
wounding of the bark, which may compromise the
tree’s defense against frost, another drought episode
and pest attacks, ultimately leading to tree mortality
(Cruiziat et al. 2002; Bréda et al. 2006; Cochard et al.
2009; Rissanen et al. 2016).

Despite the well-known negative impacts of
drought events on tree physiology and inherent
defensive mechanisms, there is no conclusive
evidence connecting drought-induced physiological
stress and the tree’s attractiveness to bark beetles
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